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In the electric utility industry, displays provide power system operators with
information on and the status of the system, who then make decisions on how to maintain
the safety, the reliability and the efficient operation of the utility generation and
transmission grid based on that information. Complexity of the data presented and the
display itself can lead to errors or misjudgments that can cause power system operators to
make unwise decisions. The primary goal of this research was to develop a method to
quantify display complexity for select displays used by system operators when operating
the electric generation and transmission grids. Three studies were performed: (1)
complexity measure development, (2) validation of the measure using usability and
situation awareness (SA) techniques, and (3) display revisions based on complexity
measure findings. Fifteen 15 different complexity metrics were originally considered
(additive models, multiplicative models, and combination models with five different
weighting schemes). The additive model with equal weighting was found to be the most
sensitive in differentiating displays and was used in the later studies. For the validation
study, system operators were asked to complete a usability questionnaire and a paper-

based SA test using the current displays. Correlation and scatter plot analyses was used
to determine if the complexity metric and usability and SA scores were related. Results
of the validation study indicated that usability and SA scores for the studied displays
were not well correlated with the complexity metric. In study 3, the highest and lowest
scoring displays were redesigned with an emphasis on maintaining functionality but
reducing aspects of complexity that were driving the complexity score. Systems
operators again completed the usability and SA testing using the redesigned displays and
again correlation analysis was performed. As was the case with study 2, usability scores
were not correlated with the complexity metric; however, SA scores were significantly
correlated. The complexity metric developed here can be used to quantify the complexity
in a display and identify redesign opportunities to reduce non-essential information, as
displays that are less complex should result in improved operator performance and
satisfaction with the display.
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DISSERTATION OVERVIEW

1.1

Introduction
In August 2003, a significant portion of the northeastern United States and

Canada suffered a blackout. The U.S.-Canada Power System Outage Task Force (Task
Force) noted in their report that there were areas where visibility of data was limited for
system operators. The Task Force found that one utility was “not provided sufficient
operations information…” (U.S.-Canada Power System Outage Task Force, 2004). The
Task Force recommendation included a requirement to evaluate and adopt better realtime tools for operators and reliability coordinators. This recommendation sets a path for
regulators and electric utilities to provide better information in the utilization of system
operation.
Since that blackout, the Energy Policy Act of 2005 (EPAct 2005) was passed by
Congress thus giving the Federal Energy Regulatory Commission (FERC) the ability to
regulate the reliability of the electric transmission grid. EPAct 2005 includes the ability
of FERC to fine for improper operation up to one million dollars a day. As part of the
EPAct 2005 order, FERC has authorized the North American Electric Reliability
Corporation (NERC) to be the Electric Reliability Organization (ERO) responsible for
setting standards that electric utilities must adhere to in the operation of the electric
system. Thus, the effect of operational errors can cause a regulatory financial impact to
1

the consumers. The importance of keeping the electric system reliable has become the
one of the priorities of the US Government. FERC Commissioner and Chairman Joseph
Keller stated that the EPAct 2005 “marked the most significant increase in Commission
regulatory authority in 70 years” (Federal Energy Regulatory Commission, 2007).
Electric utilities and their system operators are under significant pressure to
analyze, dissimilate, and differentiate more information as FERC and NERC apply new
standards. With these added requirements, utilities have had to add procedures and rules
for their system operators to meet the new standards. Additional procedures and rules
have led to the need for more information to be included on displays to provide the
required information to ensure proper operation. There is concern that this increase in
procedures and rules can lead to increased complexity through increased data and poor
presentation of the information. This will amplify the possibility of error and thus
weaken the reliability of the electric system. “Furthermore, high levels of information
complexity can result in an operator missing or misunderstanding even critical pieces of
information” (Xing, 2007). In the software industry, information overload or “bloat” is a
term with a negative connotation that refers to when human or system performance is
diminished by the addition of too many features (McGrenere & Moore, 2000).
In the operation of electric utility systems, operators are required to utilize
displays on a control system as the primary device to operate the electric grid. The
information presented to the operators details the condition of the system and signals
possible issues in the operation and control of the electric system. This form of
information processing that includes the application of knowledge and applying choices
based on the results can be referred to as a process of thought known as cognition
2

(Farlex, Inc. , 2013). Misinterpretation of information based on the assessment of the
situation as seen by the operator can result from the system operator’s cognition. This
type of error, known as representational error (Jones & Endsley, 2000); can be caused by
the complexity of information presented.
Complexity has been defined as “that property of a language expression which
makes it difficult to formulate its overall behaviour [sic], even when given almost
complete information about its atomic components and their inter-relations” (Edmonds,
1999). This general definition defines complexity from many different angles. In
Edmond’s definition, the difficulty to “formulate its overall behaviour [sic], even when
given almost complete information…” can describe a situation where errors can exist
through the complexity of information presentation.
In air traffic control, studies have researched the effect of complexity viewed by
air traffic controllers, leading to the development of possible metrics for measuring
complexity specifically in display designs for air traffic controllers. Initial research in the
determination of a complexity metric found “that most of the measurements of
complexity focused either on the display system or on the information processing of the
human operator, while seldom addressing both” (Xing, 2007).
The electric utility industry has the same need as the air traffic control industry to
define complexity to help reduce errors and improve reliability. The associations
between the amounts of data, the type of information, the criticality of the situation and
the task in system operation needs defining for the electric industry. The complexity of
the information and the methods of cognition by the system operator are important in the
development of the relevance of the information and the development of the metrics.
3

To address the concerns of too much information and the complexity within the
information processing, studies need to evaluate a proposed method of assessing the
amount of information presented in the displays. The amount of information presented
coupled with the importance of the information can be used to define a level of
complexity that can be assigned to that information. This study looked at the different
NERC defined levels of operation including Balancing Authority (BA), Transmission
Operator (TOP) and Interchange Coordinator (IC). The overall goal of the research was
to define the level of complexity experienced by system operators through the displays.
Results of this research could lead to a method for standardizing the displays used in the
industry.
Original contributions from the research include:
1. Development and evaluation of a complexity metric as it applies to power
system displays. This development included an analysis of how the current
metrics apply in the industry. From the research, a qualitative method for
determining complexity based on the information presented and the
importance of the information was developed. Relationships of the data were
included in the determination of the metric.
2. Validation of the complexity metric using usability and situation awareness
studies.
3. The development of factors to utilize in the reduction of complexity based on
the results of the studies.

4

1.2

Scope and Limitations
This research was completed in an occupational setting. Several electric utilities

were contacted and agreed to participate. The utilities differ in terms of load served and
do not necessarily perform all the same functions. The one common function among all
of the utilities is that the utilities do supply electricity to customers.
One limitation is that not all utilities have the same vendor for their computer
control system. There will be differences in the setup and layout of the computer control
system, the data/displays presented and the overall function of the control system.
Another limitation is the organization and function of each electric utility will
vary. Utilities were compared to the NERC designated function as shown in Table 1.1.
NERC has defined a function model outlining specific duties to certain functions (NERC
Functional Modeling Working Group, 2009). Utilities have been required to designate
which functions apply to the utility. To maintain consistency when comparing one
electric utility to another, the study will compare the duties and tasks as defined by the
NERC Functional Model.
Table 1.1

NERC Defined Functions

Balancing Authority
Planning Coordinator
Compliance Monitor
Purchasing-Selling Entity
Distribution Provider
Regional Reliability Organization
Generator Operator
Resource Planner
Generator Owner
Standards Developer
Interchange Coordinator
Transmission Operator
Load-Serving Entity
Transmission Owner
Market Operator
Transmission Planner
Reliability Coordinator
Transmission Service Provider
(NERC Functional Modeling Working Group, 2009)
5

Some electric utilities provide more services than just electricity. For example,
one electric utility may be responsible for their water utility system as well as the electric
system. Those displays and tasks involve in services not directly related to the electric
system were not included in the study.
Finally, not all displays on the control system or all the displays used by the
system operators were evaluated. A significant number of displays are setup as
informational displays for the control system technicians or other systems personnel.
System operators do not use these information displays and have no direct impact on the
operation of the system. The study focused on a core set of displays utilized by majority
of the electric utilities in the operation of the system.
1.3

Summary
The proposed research explored the overall complexity of the system displays

utilized by electric utility system operators. The research helped determine a
methodology for quantifying the complexity of displays used by system operators in the
operation of the generation resources and the transmission grids. From this research, a
score for each display determined the display complexity.
The proposed research had to take into account that the utility functions can
change the level of complexity of a display. The research defined a functional
importance for each task on a display. The proposed research also considered the method
of information presentation on a display. System displays can contain text, graphs, tables
and graphics with dynamic data. The complexity metric has to evaluate the effect of the
presentation on the user.
6

Using the complexity metric, recommendations for reducing complexity, and
potentially increasing operator and system performance, can be developed. Further, the
metric could be used to standardize displays within the electric industry to enhance
system reliability.
1.4

Literature Review
Complexity determination of a display involves two components, the display and

the user. The display design provides information on the screen in different manners,
while the user, utilizing his memory resources and information processing methods,
obtains the information from the display and makes decisions. The processes of memory,
the methods of information processing and the methods of how display design affects
users should be considered in development of the complexity metric. Other suggested
methods of measuring complexity in displays in a different industry should be reviewed.
1.4.1

Memory
Many researchers have explored the concept of how much information people can

retain. The distinction between different types of memory dates back to initial work by
Hermann Ebbinghaus in 1885 with more defined approach by Donald Hebb in 1949
(Baddeley, 2007). Hebb classified memory as two different components, short term and
long term (Baddeley, 2007). Since then, researchers have defined many intricacies of the
different levels of memory and the processing of that information. It is the usage of
memory and processing of information that can affect the ability of system operators to
operate the system in a reliable and efficient manner. A modal model (Atkinson &

7

Shiffrin, 1968) shown in Figure 1.1 details how input from the sensory registers and
access between the different memories provide the output response.

Short Term Storage
(STM)
Environmental
Input

Sensory Input

Temporary Working
Memory

Long Term
Storage

Visual
Auditory
Haptic

Control Process:
Rehearsal
Coding
Decision
Retrieval strategies

(LTM)
Permanent
Memory
Store

Response Output

Figure 1.1

Modal Model

(Atkinson & Shiffrin, 1968)
Since Ebbinghaus and Hebbs’ classifications of memory, research has also
developed the concept of an existence of working memory. One definition of working
memory is “a temporary storage under control that underpins our capacity for complex
thought” (Baddeley, 2007). With the continued classifications of memory, the question
of storage capability between the different memories became the focus of much research.
The length of time information remains in short-term memory would cause that
information to shift from short-term memory to long-term memory (Atkinson & Shiffrin,
1968). Thus, length of time is considered an important consideration to determine if the
item moves to long-term memory. Miller formulated that individuals are capable of
remembering about seven chunks in their short-term memory (Miller, 1956). Miller
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determined by effectively grouping or “chunking” could lead to storage that is more
effective (Cowan, 2000). Given that short-term memory is limited in some form, whether
it is a capacity limitation and/or a time related limitation, information processing will
depend on the capability of the short-term memory. The processing of information will
also depend on the complexity of the information presented.
1.4.2

Information Processing
Information processing, or the comprehension, of data includes the ability to

ascertain the information presented and the ability to use the memory processes in
determination of a response to situation. Information is critical to understand the
cognitive task(s) required to accomplish a task (Durso, Sethumandhaven, & Crutchfield,
2008). Durso, Sethumandhaven and Crutchfield contends that the relevance of the
information is the “interpretive connection” (Case, 2007) that occurs between context and
information. Not all information is processed; potential information from the
environment is utilized in the completion of the task (Fitts, 1951). The potential
information may include knowledge, redundancies and relevance. Even with the concept
that not all information is processed, information overload can occur due to the inability
to process all the information.
As new and cheaper monitors become available, system operators use more
monitors to display data to help in the visualization of the electric grid through graphic
and tabular displays. The displays have the ability to display data in smaller fonts,
allowing the displays to contain more data and text than in the past. As more information
is presented to a user, there is a concern of “technology crowding,” a phenomenon that is
defined as to “occur at the point of new technology reaching the point of diminishing
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marginal returns” (Pamela Kar-Wisniewski, 2010). Cognitive load theory postulates that
optimal learning occurs when an individual’s working memory is minimized so that longterm memory can be utilized (Sweller, 1988). In studying effects of software usage there
is a point to which adding a new feature increases a software package such that the
package becomes complex and will “crowd out” the usability of the package (Potts &
Hsi, 2000).
Besides the advent of technology causing the increased presence of information,
data overload can occur because the user is trying to capture every piece of information.
The problem is that not all information is always relevant, exposing users to the
possibility of information overload. The definition of information overload exists in
many different forms by researchers (Mengis, 2004). One suggested definition of
information overload as the process that “occurs when the volume of the information
supply exceeds the limited human information processing capacity” (J. Jacoby, 1974).
1.4.3

Display Design Techniques
Research in display design has produced different concepts in designing displays

that include the effect on the different processes of the user including “sophisticated
perceptual and reason skills and a broad range of general and specific knowledge”
(Peebles & Cheng, 2003). Display design research includes development of
methodologies to determine the optimal design for the specific users. Research has not
only included the design of displays but also the design of the monitors themselves
(Shupp, Andrews, Dickey-Kurdziolek, Yost, & North, 2009). One study determined that
designers should consider three guidelines in the development of displays (Peebles &
Cheng, 2003):
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1. How different quantities are encoded in a different representation format;
2. Range of alternative varieties for a task; and
3. Cost of familiar representation with the cost of unfamiliar representation.
Peebles & Cheng (2003) determined that the method of data presentation is a
significant contribution in the design of the display. Data presentation methods and their
effect on user cognition should be a consideration to the designer of the display. The
display design should also consider utilizing different forms of representations of data.
Important factors when developing the methods of presentation include the data itself and
the usage of the data. The designer of the displays should consider utilizing the familiar
representation of the data, though the more effective but unfamiliar representations can
become less costly over time due to prolonged exposure and better displaying of the
information (Peebles & Cheng, 2003).
In the research of display design techniques, Peebles and Chang (2003) proposed
that users use diagrammatic reasoning when interpreting the data on displays.
Diagrammatic reasoning involved behavior whose complex interaction utilized three
factors:
1. Cognitive and perpetual skills of the user;
2. The graphical representation on the display; and
3. The specific tasks.
The behavior of diagrammatic reasoning involves the user, the display, the tasks
associated with the information on the display and the importance of the tasks for the
user.
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1.4.4

Complexity Metric in Air Traffic Controller Displays
In the air traffic control (ATC) displays, early research has defined information

complexity as having three main factors: quantity, variety and relationship (Xing &
Manning, 2005). Research has demonstrated that complexity is multi-dimensional. Xing
and Manning (2005) determined that complexity is a combination of the three abovementioned factors.
Later research determined that perception, cognition and action are included in the
framework of information complexity (Xing, 2007). This framework is akin to the model
for information processing as developed by Wickens (1992) as shown in Figure 1.2. The
model depicted information processing as including the following components:
perception, working memory, decision and action.
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Figure 1.2

Wickens’ Information Processing Model

(FAA)
Xing (2007) developed a method for measuring complexity in air traffic controller
displays based on a 3x3 matrix. The matrix involved using the three factors of
complexity as determined by Xing and Manning (2005) compared against the three
frameworks for processing information as shown in Table 1.2. From the research, the
generic metrics shown in Table 1.2 were determined for each component.

13

Table 1.2

Quantity

Complexity Metrics for Air Traffic Controller Displays
Perception

Cognition

Action

Number of fixation
groups

Number of functional
units

Amount of action cost

Variety Number of visual features Dynamic complexity
Relation

Degrees of clutter

Action depth

Relationship complexity Number of action goals

(Xing, 2007)
With information overload, technology crowding and over utilization of memory,
the risk exists for system operators to make mistakes due to their compromised
situational awareness. In an effort to maintain the capability of the system operators
within the limits that can be determined, electric utilities need direction on how
information can be presented in a manner to maintain an optimal decision making
process.
1.4.5

Study Approach
The study will have three phases. Figure 1.3 depicts the layout of the studies.

Phase I (Chapter II) is to develop a complexity measure appropriate for the power
systems community and to quantify complexity of a select set of current power system
displays. Phase II (Chapter III) will validate the complexity measured based on a
usability assessment of the current displays. Phase III (Chapter IV) will test the utility of
redesigned displays that reduce complexity and are applicable across electric utilities.
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Figure 1.3

Dissertation Plan
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CHAPTER II
DEVELOPMENT OF A COMPLEXITY METRIC FOR USE IN ELECTRIC UTILITY
CONTROL ROOM

2.1

Abstract
The definition of complexity includes the concept of something that is difficult to

process or difficult to decipher. With the recent errors in operation of the electric grid
causing blackouts in California, the Northeast United States and Florida, complexity of
the information viewed by electric utility system operators needs to be quantified and
informational displays optimized to reduce cognitive loading. The purpose of this study
was to develop a method to measure complexity in electric utility displays. The
conceptual metric envisioned for this study included the following components:
Frequency, Criticality, Number of Tasks, Quantity, Variety, and Relationship. User
solicitation techniques were used to collect information from current electric utility
system operators to quantify these components. A mathematical approach for combining
these data was used to develop three possible complexity metrics with five different
weights applied to the components. The results indicated an equation that compares each
component equally with a weighting scheme based on a ranking of relevance might be a
preferred method for determining complexity.
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2.2

Introduction
In 2003, the northeast section of the United States experienced a multi-state wide

blackout. In section V of the North American Electric Reliability Corporation (NERC)
report, NERC concluded that some of the causes were due to the inability of the system
operator to visualize the events that include a “lack of awareness by the FE (First Energy)
system operators that line outages were occurring...” (NERC, 2004). The investigation
determined the following conclusions in relations to the operation of the electric system
(NERC, 2004):


Several entities violated NERC operating policies and those violations contributed
to the blackout.



The approach to monitor and ensure compliance with NERC and regional
reliability standards were inadequate.



Reliability coordinators and balancing authorities adopted different interpretations
of responsibilities, authorities and capabilities needed to operate a reliable system.



Deficiencies included poor operator training and lack of tools for the operator
visualize the system.
In 2007, Florida experienced a blackout that affected about one-third of the

population of the state. From the Federal Energy Regulatory Commission (FERC) report,
the system operators at Florida Power & Light (FPL) were “unaware of the disabling of
protection, did not conduct an assessment of the changed system configurations or take
action within 30 minutes in response to the changed condition” (Order Approving
Stipulation and Consent Agreement, 2009). In 2010, California system operators turned
the lights off for some customers for a length of time due to a perceived lack of
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generation. In a statement released by the California Independent System Operator
(ISO), “the ISO inappropriately applied an operating requirement...” causing the operator
to shed load in error (Soto, 2010). There have been other instances where utilities have
caused mis-operations due to operator failure to recognize a situation or to misperceive
the data presented to the operations’ personnel.
System operators receive information about the transmission and generation
system through the computer control system, commonly referred to as Energy
Management Systems (EMS), and via communication with field personnel and other
control centers. Display of information from the EMS is through a mix of displays that
include graphic and tabular displays. Many different vendors in the industry build EMS
computer systems. EMS vendors do not have any established standards or methodologies
for display design. Typically, the design of displays varies significantly between
vendors. No formal process exists in the design except the attempt to present as much
information as possible at one time. Displays may contain information needed in the
operation of the electric grid as well as information for the EMS computer and vendor
personnel.
Electric utilities face changing regulations, which is causing utilities to utilize
more information in the assessments of the current power situation. With FERC
regulating the reliability of the electric grid, new regulation standards (Mandatory
Reliability Standards for the Bulk Power System, 2007) are requiring significant changes
in development of procedures, in data acquisition and training that increases system
operator workload. With the increased regulatory requirements, utilities are ensuring
compliance through the addition of displays and other technologies, often through the
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EMS, to provide the regulatory required information to the system operator. As a result,
operators have seen an increase in the number of displays used in performing their work
tasks, and thereby imposing information overload. Operators find their visual and mental
capabilities overwhelmed due to the excess of information presented. Electric utilities
have no direct measure to determine when the system operators are operating beyond
their capabilities or capacities.
In air traffic control, display complexity measures have been developed for air
traffic controller displays (Xing, 2007). For the electric utility industry, there has been
little to no development of industry standards in displays or in information/display
complexity measurement for system operators. This study addresses this gap in research
and application.
2.3

Measuring Complexity
Complexity has a basis in how humans process information. Research has

determined that display information processing occurs in three stages: perception,
cognition and action (Xing, 2007). The concept is that a person perceives information
from a display, uses information from memory based on what they have perceived to plan
a course of action. Xing and Manning (2005) determined that two principles contributed
to the diversity of complexity measures: task dependency and observer dependency.
Displays are essential for communicating electric grid information to system
operators. Current display designs may provide data, but fail to present that data in a
form that optimizes human performance or limits demands on the operators. Because
system operators are viewing multiple displays across multiple screens (both at their
workstation and on a video map-board), it is important for displays be designed
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effectively to minimize display complexity and convey usable information to system
operators.
For utility system operators, the displays contain data related to many different
tasks that the system operator is responsible for performing. Since the displays are
designed for many tasks, any metric should include the number of tasks in the complexity
metric equation. Thus, if a system operator were viewing a display to ascertain
information for multiple task requirements, the cognitive demand on the system operator
would be higher than for a display built only to provide information for one task.
Relevancy of the information presented to the task is a key component in the
evaluation of the complexity. Relevance, by definition, is the relationship of something
to something else (Durso, Sethumandhaven, & Crutchfield, 2008). Durso,
Sethumandhaven and Crutchfield (2008) contend that to create an effective display, the
designer needs to know the aggregate relevance of a piece of information. Durso,
Sethumandhaven and Crutchfield (2008) defined aggregate relevance as the product of
the frequency of the data, the criticality of the data and the number of tasks. The
application of the aggregate relevance ranks displays in terms of complexity based on the
frequency of the data, criticality of the data and the number of tasks included in the
display.
Observer dependency is inherent to the presentation of the data to a system
operator in a display. Xing and Manning (2005) determined that complexity includes
three basic factors: quantity, variety and relations. Increases in data quantity will result
in increased complexity. Quantity can refer to the amount of data, the number of states
and the number of “chunks” in cognition. Variety refers diversity of forms, the
20

visualization of the randomness of data and/or the disorder. As with quantity, as variety
is increased so is complexity. Relation refers the relation of the data to the process or
structure of the display. An example given by Xing (2007) is the game of chess. The
relation of the pieces to each other adds to the complexity above the number of pieces or
variety in the number of pieces. Therefore, in the electric utility context, as the number
of relations on a display increases, the complexity increases.
Combining research from Durso, Sethumandhaven and Crutchfield (2008) and
Xing and Manning (2005), a suggested complexity measure for displays includes
components that include effect of the task and the observed data. Since functions and
displays are not common among the electric utilities, any complexity measure must be
adaptive to the different functions and the different displays utilized in the operation of
the electric grid. An initial metric design plan is shown in Figure 2.1.
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Figure 2.1

2.3.1

Complexity Measure

Question 1: Why should frequency, criticality and number of tasks be a
part of the complexity measure?
Information is data obtained and used in completing tasks. The need for the data

is to process events, ideas, objectives or goals. System operators utilize displays of
detailed electric grid data. The data presented describes the systems’ reaction to the
momentary events measured on the electric grid. The construction of the displays
focuses more on the presentation of data than the need for one or two tasks. For example,
a load dispatch display may contain many different values that the operator utilizes in a
variety of tasks, such as monitoring the total generation output, the flow on neighboring
ties with utilities and the overall frequency of the grid itself. For this reason, the
complexity of the display can be dependent on the usage of the information with each
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task involved. The goal for the system operator is to be aware of the situation or to have
“situation awareness” as defined by Endsley (1995a). Endsley further defined that
situation awareness does not stop at being just aware, but includes the relevance of the
data and “underlying mechanisms” (Endsley, 1995b).
Information on a display has a specific or momentary relevance of importance to
the user (Durso, Sethumandhaven, & Crutchfield, 2008). The relevance of information is
important to situation awareness of the user. The information displayed will not only
have a momentary relevance, but will have an overall aggregate relevance (Durso,
Sethumandhaven, & Crutchfield, 2008). The interpretation of the data and its relevance
to the overall situation it determined by the user. Momentary relevance has can be
depicted as shown in Figure 2.2. Aggregate relevance structure is shown in Figure 2.3.

Information in Task A at Time t1 by person P1

Information in Task A at Time t2 by person P2

Momentary
Relevance
Information in Task B at Time t1 by person P1

Information in Task B at Time t2 by person P2

Figure 2.2

Momentary Relevance

(Durso, Sethumandhaven, & Crutchfield, 2008)

23

Displayed
Information
Frequency
Task A
Criticality
Number
of Tasks

Task B

Aggregate
Relevance

Frequency

Criticality

Figure 2.3

Aggregate Relevance

(Durso, Sethumandhaven, & Crutchfield, 2008)
Frequency in the determination of aggregate relevance refers to the frequency of
occurrence of the information in the application. Display designs sometimes focus on the
placement of frequently accessed or critical information in prominent locations. One
example is the designing of cockpit displays. The placement of the attitude indicator, a
critical piece of information accessed frequently, is in an area that is highly viewable
(Wickens C. , 2007). Frequency of use is one of the six principles of display layout
(Wickens, Lee, Liu, & Gordon Becker, 2003). Frequency of the information should be a
component to the complexity metric as it derives the value of importance that the
information.
Criticality refers to the importance of the task in relation to other tasks the
operator needs to perform. Just like frequency, criticality (importance of use) is another
of the six principles of display layout design (Wickens, Lee, Liu, & Gordon Becker,
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2003). Criticality is different from frequency as it implies the direct value that the
information has in a process and not the number of times utilized in the process. For
example, the ignition switch of a car is critical to starting the car but only at the start and
end of the process to drive a car from point A to point B. Criticality has a direct impact
on performance. Poor performance on the critical tasks will only lead to poor
performance for the overall task objective.
Another consideration in the complexity metric is the number of tasks that depend
on the information. How that information applies to different tasks informs the user of
the importance of the information. Users are utilizing working memory in the application
of processing the information into knowledge. With the known limitations of working
memory, the number of tasks and the associated information will increase the usage of
working memory. As the number of tasks in a display increases, complexity increases as
the working memory becomes limited.
Each active piece of information on a display has one or more tasks connected to
it. Each data quality includes the importance or criticality as well as the frequency of use
by the system operators. Thus, the complexity metric should include factors that account
for the frequency, the criticality and the connection of the data to the tasks.
2.3.2

Question 2: Why do quantity, variety and relationship of the data on the
display contribute to the complexity metric?
In handling the day-to-day activities of an electric utility, cognitive processes

(such as information processes, mental models, and schemas) and overall task importance
are parts in the action in deciphering the events displayed to the system operator.
Displays present the information to the operator and he determines if one or more actions
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are required. The display is made up of elements that include the quantity, the variety
and the relationships of the data. Past research has identified four characteristics of
alphanumeric displays of particular importance: overall density, local density, layout
complexity and grouping (Tullis, 1983). Overall density and local density correlate with
the quantity component; layout complexity correlates with variety; and grouping ties in
with the relationship component.
Quantity, or the amount of data presented, is a possible component in complexity.
Edmonds (1999), in defining complexity, considered the size of a system as an
“indication of general difficulty” with a system and includes a “potential for a complex
system.” Kolmogorov complexity is a mathematical definition of complexity based on
the minimum description size (Casti, 1979). For an example, a string of five of the same
letters (a a a a a) is easily described as five “a’s” while a string of five different letters (a
b c d e) cannot be as easily described. Early research in the area of alphanumeric
displays included the study of the overall density or percentage of space utilized (Tullis,
1983). One study found that 60% space usage was the optimal overall density for a user
of an alphanumeric display (NASA, 1980). From the research, the amount of data or the
quantity of data on a display can have impact on complexity of the display.
Variety in the definition of the display has a lower bound limit of order to an
upper bound limit of disorder. Complexity is not the upper limit (disorder) or the lower
limit (order) but somewhere in between (Drozdz, Kwapien, Speth, & Wojcik, 2002). In
the study of image complexity, Figure 2.4 shows variations increasing from left to right.
The study demonstrated that more people considered the middle image more complex

26

than the other two (Grassberger, 1991). Variety is an important component to
complexity; it does not imply complexity by itself but adds to the complexity equation.

Figure 2.4

Variation Complexity

(Grassberger, 1991)
Halford, Wilson and Phillips (1998) proposed working memory limits are defined
by the complexity involved in processing relational data in parallel. Complexity, as
defined by Halford, Wilson and Phillips (1998), involves the number of relations or
variation. Thus, as the number of relationships increases, the processes become more
complex as the processes operate in parallel. Relationship of the data refers to the
structure of the data to other data. It outlines the interconnection of data to the other data
on the screen. The more separate relationships presented to the user, the more processes
the user must use in monitoring or taking action.
For example, as shown in Figure 2.5, data for bus voltage output for several
substations are in a tabular format. In this example, each bus voltage has a different
relationship with the other data points. To the user, there is not a direct relationship
between the data points. If the display was modified, as shown in Figure 2.6, the bus
voltages are mapped together with other bus voltages including a high and low limit.
This graph ties all the bus voltages together into one relationship for the user. The
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complexity decreases as the structure of the display decreases the visible relationship of
the data to each other. By identifying how the components are related on a display, the
relationship can be included in the complexity scale.

BEN

165

COL

168

CMB

170

HIN

157

HOM

161

LMB

174

MAG

169

MOR

168

MOS

159

MSHUB

169

PUR

177

WAY

163

Figure 2.5

Display of Bus Voltages – Table format
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Figure 2.6

Display of Bus Voltages - Graph format

The presentation of the display, which includes the quantity, the variety and the
relationship of the data, is critical to the user’s information processing. This presentation
of data in the display combined with the relevance to the tasks can create a measure of
complexity for the display.
2.3.3

Question 3: How to utilize the components to develop a measure?
Durso, Sethumandhaven and Crutchfield (2008) developed a method to score

aggregate relevance of information utilizing frequency, criticality and number of tasks.
Frequency and criticality were scored from 1 to 3 referring to low, medium or high,
respectively. The steps from Durso, Sethumandhaven and Crutchfield’s (2008) method
of scoring are as follows:
1. For each piece of information, total all tasks that utilize this information.
2. For each piece of information, determine frequency for each task. Determine
the mean frequency, over tasks, for each piece of information.
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3. For each piece of information, determine criticality for each task. Determine
the mean criticality, over tasks, for each piece of information.
4. Standardize each score by converting to a z score for each attribute (task
totals, frequency and criticality).
5. Convert all z scores to positive in the following relationship:
Attribute = z + |min z| + 1
6. Compute composite score by multiplying all three attributes of a piece of
information.
7. Standardize the composite score to a z value.
8. Convert to a T score based on a mean of 50 and standard deviation of 10.
Durso, Sethumandhaven and Crutchfield’s (2008) method found the aggregate
relevance of each piece of information in display design, by comparing different pieces of
information. By following a similar process, this method was used to develop an
application to measure the task and observer components. The complexity metric
contained the following components shown below:
1. For each display, total all tasks used in this display (Ttask).
2. For each display, determine frequency for each task. Sum the frequency for
each display (Tfreq).
3. For each display, determine criticality for each task. Sum the criticality for
each display (Tcrit).
4. For each display, determine the total quantity of data (Oqnty).
5. For each display, determine the total variety of presentation (Ovty).
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6. For each display, determine the total number of relationships in each display
(Orship).
In developing a complexity metric for display design, the relationship of the
different components to complexity are unknown. From research by Durso,
Sethumandhaven and Crutchfield (2008), the three components are related to the task
portion of the equation: number of tasks, criticality and frequency. From Xing and
Manning (2005) and Xing (2007), the observer portion of the equation includes the
following related components: the quantity, the variety and the overall relationship of the
data presented.
The relationship of the components is unknown, which will require the
development of different equations that consider various possible component
combinations. Three equations were created to study the impact of each component with
the other components and to study the impact of the Task complexity to the Observer
complexity. The following equations, ComplexityAddition, ComplexityMultiplication and
ComplexityMixed, are three possible different combinations of combining the components
as individual terms and as two terms, Task and Observer. The equations with weighting
variables are listed in Equation 2.1, Equation 2.2 and Equation 2-3.
ComplexityAddition = w1Ttask + w2Tcrit + w3Tfreq + w4Oqnty + w5Ovty + w6Orship

(Eq. 2.1)

ComplexityMultiplication = w1Ttask * w2Tcrit * w3Tfreq * w4Oqnty * w5Ovty * w6Orship

(Eq. 2.2)

ComplexityMixed = w1Ttask * w2Tcrit * w3Tfreq + w4Oqnty * w5Ovty * w6Orship

(Eq. 2.3)

The results from this study were used to determine how each equation with weights
determines a complexity score for each display.
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2.3.4

Question 4: How are weights applied to the components in the development
of a successful measure?
Knowing and understanding the importance of each component is essential to

development of a successful complexity equation. In the development of the complexity
metric, the value of each component in the equation is unknown. Research is limited and
information has not availed any direct method for determination of the importance of the
six factors in the equation. As an aid in the development of proper weighting for each
component, methods developed in multi-criteria decision models (MCDM) were used.
Much research has proven the use of MCDM to help facilitate the evaluation of
decision with multiple criteria. Using this research, initial weights were developed to use
in the complexity metric. Edwards and Barron (1994) developed a ranking method, ROC
or rank ordered centroid weights. Other known weighting methods include equal
weighting (EW), rank sum (RS) and point weighting (PW) (Barron & Barrett, 1996).
ROC, RS and PW require that the components have a perceived order of importance.
Watson and Beude (1987) listed one of the important precursors for weighting is to
“begin by establishing a rank order on the attributes…” (Barron & Barrett, 1996).
The development of the weighting structure starts with an understanding of the
importance of each component in display design. By reviewing the importance of
components, the development of a ranking system to use in the weighting options was
accomplished. These different weighting options were applied with the different
complexity metrics to determine possible complexity scores for a display.
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2.4

Metric Model Components

2.4.1

Task Components
As part of the study, the defining of the functions that utilities perform will aid in

the development of the tasks, the frequency of occurrence and the criticality for each task.
Utilities operate the electric system under the regulation of FERC and FERC’s designated
Electric Reliability Organization (ERO): NERC. NERC is responsible for administering
all the standards and regulations that insure a reliable operation of the electric system by
all electric utilities.
2.4.1.1

Task Identification
NERC has defined a functional model that lists the tasks for each defined function

in reliable operation of an electric utility system. This model is the basis for the
development of the reliability standards applied to electric utilities. Electric utilities are
required to list all functions that the utility performs in relation to the functional model.
The NERC defined model is shown in Figure 2.7.
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Figure 2.7

NERC Functional Model

(NERC Functional Modeling Working Group, 2009a)
Not all the functions in the NERC functional model are applicable to the control
room operation or the role performed by the system operator. Each utility’s NERC
defined functions were correlated with the utility system operators to determine which
applicable functions are assigned to the system operator. Typically, a system operator
may perform the functions of a Reliability Coordinator, Balancing Authority,
Transmission Operator and Interchange Coordinator. Not all system operators perform
all of these functions nor are all the tasks assigned to these functions. For this study, only
the Balancing Authority, Transmission Operator and the Interchange Coordinator
functions were reviewed. The Reliability Coordinator function is not performed in a
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majority of the control centers. Only 8% of the registered utilities are Reliability
Coordinators (NERC, 2011).
2.4.1.1.1
2.4.1.1.1.1

NERC Functions
Balancing Authority

A Balancing Authority is responsible for operating the electric system within a set
of interconnection ties with other Balancing Authorities. A Balancing Authority area
provides the generation operation and transmission operation within their physical
bounds. As the title of the function states, the overall goal is for the Balancing Authority
to maintain balance of load and generation to maintain reliability within its area. The
four functional hierarchies for the Balancing Authority functions are Interchange,
Balance, Emergency and Plan. The functional hierarchies and associated tasks for a
Balancing Authority are shown in Figure 2.8.
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Balancing Authority
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Interconnection
Ties

Emergency
Procedures
Load Shed

Figure 2.8

Balancing Authority Functions

(NERC Functional Modeling Working Group, 2009)
2.4.1.1.1.2

Transmission Operator

A Transmission Operator is responsible for the operation of the transmission
system for that entity. The Transmission Operator will maintain its operation of the
transmission grid within local defined limits known as System Operating Limits (SOL).
The Transmission Operator works with the Reliability Coordinator to maintain the
interconnection ties within limits as prescribed by the transmission limits. The
Transmission Operator is responsible for controlling the transmission system including
operation and maintenance. The Transmission Operator has four functional hierarchies
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defined as Monitor, Operate, Emergency and Plan. The Transmission Operator
functional hierarchies and associated tasks as defined by NERC’s functional model are
shown in Figure 2.9.

Transmission Operator

Monitor

Operate

Telemetry

Deploy
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Emergency
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Emergency
Procedures

Plan

Develop
IROL Limits

Approve
Maintenance
Plans

System
Restoration

Flow
control
devices

Load Shed

Deploy
reactive
resources

Figure 2.9

Transmission Operator Functions

(NERC Functional Modeling Working Group, 2009)
2.4.1.1.1.3

Interchange Coordinator

The Interchange Coordinator is responsible for reviewing and approving
interchange of transactions between Balancing Authorities. The overall responsibility of
the Interchange Coordinator is to coordinate the implementation of valid and balanced
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confirmed interchange schedules. The Interchange Coordinator is also responsible for
any coordination of curtailments or other reductions in the interchange schedules as
directed by Reliability Coordinator. The functional hierarchies for the Interchange
Coordinator are defined as Communicate and Coordinate. The functional hierarchies and
the tasks associated with the hierarchies for the Interchange Coordinator are shown in
Figure 2.10.

Interchange Coordinator

Communicate

Receiving
request
Confirmation
of request

Coordinate

Validate
request
Record
confirmation
or denial
Curtailment

Curtailment

Figure 2.10

Interchange Coordinator Functions

(NERC Functional Modeling Working Group, 2009)
2.4.1.1.2

Task Determination Measure

For each utility, the NERC registration defined the tasks. The review of the
displays determined the number of tasks assigned to each item on the display. The total
number of tasks for a given display was labeled as Ttask.
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2.4.1.2

Task Criticality
In this study, the defined functions by NERC for the utility were used to rank the

criticality of the task in the operation of their system. This study used a pairwise
comparisons methodology, the Analytical Hierarchy Process (AHP), to provide an
objective means to determine a ranking of criticality. Appendix A contains the informed
consent form used and Appendix B contains the Task Criticality Survey used for the pair
wise comparison.
2.4.1.2.1

Analytical Hierarch Process (AHP)

AHP is a process developed by Thomas Saaty (1990) when employed by the US
government (Goodwin & Wright, 2009). AHP is a process to help aid in decisionmaking processes by developing ratio scales for decision components. AHP utilizes a
system of pairwise comparisons used to determine the weight the option in comparison to
the other options. Pairwise comparisons are best done through verbal communication
and/or surveys with participants. To elicit the value of criticality, tasks are compared to
other tasks. These rating are determined based on the system operator response to the
comparison of one task to another by the values given for each response in Table 2.1.
Table 2.1

Table of Attribute Weights for AHP Responses

Attribute Comparison
Weakly More Important
Strongly More Important
Very Strongly More Important
Extremely More Important

Value
3
5
7
9
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Each set of tasks is compared to the other tasks in the same functional hierarchy.
From the scores, a weighting of the importance of the tasks can be determined. Based on
the rankings, tasks will be given a criticality score between 0 and 1. Figure 2.11 depicts
an example of the AHP output for a single function and the potential criticality
categorizations based on study data.
In Figure 2.11, a function has two hierarchy functional tasks: Task A and Task B,
each of which have two subtasks. For this example, the overall criticality score for each
subtask would be the multiplication of the functional task criticality score with the
subtask criticality score. For Subtask A1, the criticality score would be 0.15*0.2 or 0.03.
For Subtask A2, the criticality would be 0.12. The criticality of Subtask B1 would be
0.34 and for Subtask B2 the criticality would be 0.51. The sum of the criticality scores is
one (1).

Function 1

Task A

Task B

0.15

0.85

Subtask
A1

Subtask
A2

Subtask
B1

Subtask
B2

0.2

0.8

0.4

0.6

Figure 2.11

Example of Task Criticality Weighting
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2.4.1.2.2

Task Criticality Measure

Task criticality for each task is a number between 0 and 1. After determination of
the criticality measure for each task, the criticality for a display was determined by
summing the criticality scores for each task on the display, labeled as Tcrit for each
display.
2.4.1.3

Task Frequency of Occurrence
Scoring of the frequency of occurrence was based on the amount of time that the

data for the task is updated. Each utility scored the frequency based on how often the
data is updated. The attribute comparison and the value of that weight are shown in
Table 2.2. As with criticality, tasks were rated numerically as 1, 2 or 3 using the
procedure described above for categorization.
Table 2.2

Table of Frequency of Occurrence Weighting

Attribute Comparison
Weekly or Longer
Daily
Hourly

2.4.1.3.1

Value
1
2
3

Task Frequency Measure

Frequency was rated as 1, 2 or 3 for weekly or longer, daily or hourly based on
the frequency of updates. After determination of the frequency measure for each task, the
sum of the frequencies for each display was computed and labeled Tfreq for each display.
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2.4.2

Observer Components
Observer components consist of measuring quantity, variety and relationship of

the data on the display to the observer. Observer components tend to tax the memory
usage of the observer. Thus, higher usage of working memory, short term memory and
long term memory, the more complex the display. Complexity increases as more paths
are added in the decision process (McCabe, 1976). Clutter is another important factor in
complexity. Clutter has been defined as a “...state in which excess items, or their
representations or organization, lead to a degradation of performance at some risk”
(Rosenholtz, Li, Mansfield, & Jin, 2005).
2.4.2.1

Quantity
Quantity is the amount of information on a display. In today’s world, displays

include text, symbols and graphs. To account for the effect of the number of points
displayed, a method needs to be determined that correlates the values of the text, symbols
and graphs. Studies have shown that no one method of presentation of data provides the
most optimal presentation. Research indicates that a bar graph is best suited for complex
comparisons, line graph for dynamic comparisons of a value and table information (data)
to display specific amounts (Meyer, 1997). A previous study based on eye fixation and
serial processing determined that quantity evaluated by perception should be evaluated on
“fixation groups” (Xing, 2007). The definition of a fixation group for this study is the
visual set of data that is interconnected in its relationship and within a fixation area
(estimated viewing angle of 2-4 degrees). For example, a breaker symbol, the name and
any other pertinent data within that fixation area is related to the breaker. This would be

42

considered one fixation group. Figure 2.12 demonstrates fixation groups for a display.
Each circle on the display represents a fixation group.

Bellevue Station
161 kV Station

BKR 111

BKR 211
GVL
110 MVA
161.4 kV

BKR 112

BKR 212
LMB
-112 MVA
161.8 kV

BKR 113

Figure 2.12

BKR 213

Bellevue Substation with Nine Fixation Groups

Fixation groups can contain text, data or symbols where each item in the fixation
group can be static or dynamic. Static data is defined as data that does not change on the
display, such as a title, and dynamic data is defined as data that changes on a periodic
basis. Static text, data or symbols in a fixation group can clutter the display preventing
the observer from comprehending the data. If the information is changing on a continual
and periodic basis, cognitive resource loading is increased which will affect the user’s
ability.
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For text, data or symbols, each fixation grouping of static text or data counted as
one (1) item. If a fixation group contains any text, data or symbol that is dynamic, the
item is counted as an additional item. If the amount of information in a fixation group
includes more than four items, the item is counted as an additional item to represent the
effect of clutter. The selection of adding an additional item for dynamic data and clutter
is necessary to recognize the arbitrary effects and not intended to imply that clutter or
dynamic data is twice as complex. The higher number is simply to recognize the increase
in cognitive loading. The maximum score for a fixation group in the determination of the
quantity component is three (3), one for the group, one for any dynamic data included
and one for having more than four items inside a fixation group.
Graphs typically show either a comparison of multiple data points or a
comparison of one value over time. Graph comprehension utilizes bottom-up perceptual
features (such as the human senses) as well as top-down factors (such as viewer’s
expectations) (Shah, 1997). Graphs are based on “rational imagery” (Shah, 1997) which
has been defined as the information systematically related to the graph representation
(Berlin & Berj, 1983). Data or text has a direct relationship to their inherent meaning.
Graphs, on the other hand, have a relationship that is neither arbitrary nor a first order
relation (Winn, 1987). Graphs are a preferred method of presenting data where high
precision of the variable is not important factor for the user (Wickens, Lee, Liu, &
Gordon Becker, 2003). Graphs will count as one fixation item, as the memory resources
are less complex with the comparison attributes that the graph should provide between
the variables. If the graph is dynamic, the graph will count as an additional item, again to
recognize the increase in cognitive loading. If the graph is depicting three or more
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variables on a graph, the graph will count as an additional item to recognize the clutter
that the graph is adding to the display and the viewer. Thus, the maximum a graph can
add to the quantity measurement is three (3), one for the graph, one for containing
dynamic data and one for having more than 2 variables plotted on the graph.
2.4.2.1.1

Quantity Measure

Each display was reviewed to determine the score for each of the fixation group
items as identified earlier. The total score of fixation groups, adjusted for the dynamic
and clutter aspect was labeled as Oqnty for each display.
2.4.2.2

Variety
Variety defines how the segmentation and the uniformity of the display. The

distinction of the features is an important component to the variety. Increased
segmentation of data or graphs in a display would lead to a higher metric for variety. In
air traffic controller displays, the metric was determined based variety including different
visual features, distinctive colors, contrast, size and texture (Xing, 2007) .
For this study, the variety would be ranked based on the number of presentations
of the data on a display. If a display is providing information through one visual pattern
method, such as a table of data or one overall graphic, variety was considered to be low
and received a score of one (1). If a display is providing for information through two
different visual pattern methods, such as table of data and a graph, variety was considered
medium and received a score of two (2). If the display is providing more than two
different visual pattern methods of presentations of data, such as a table and two graphs,
variety was considered high and was scored as the total number of presentations of the
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data. Figure 2.13 demonstrates a display with variety score of 1, Figure 2.14
demonstrates a display with a variety score of 2 and Figure 2.15 demonstrates a display
with variety score of 3.

Figure 2.13

Display with a Variety Score of 1
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Figure 2.14

Display with a Variety Score of 2

Figure 2.15

Display with a Variety Score of 3
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2.4.2.2.1

Variety Measure

The variety measure was scored based on the total number of different types of
presentations of the data for the display, and was labeled Ovty for each display.
2.4.2.3

Relationship
A display containing a significant amount of data that has individual or separate

relationships would be considered more cluttered and add to complexity of the display.
Xing (2007) found that relationship of visual elements affect the processing of detailed
visual information. In air traffic controller displays, a metric accounted for the visual
presence of one stimulus masking another visual stimulus (Xing, 2007).
For this study, a value representing the number of relationships was used in the
complexity metric. For higher levels of relationships that is presented in a display, the
higher the metric. Visually linked data on a display would have a lower metric for
relationship. For example, if a display contains a graphic of the status of the substations'
interconnections and breakers, the operator can ascertain the effect of the change of a
breaker status because the mappings of the connections are visually apparent. This
display would have a low ranking for relationship metric. If a display has more than two
sets of information that are independent with no direct relationship, then the relationship
metric will be considered having a metric of two (2). If a display has three sets of
information that have no direct relationship, the metric will be three (3). Referring to
Figure 2.13, the Variety Display with a Score of 1, each capacitor bank status is an
individual item with no visible link or connection to the other capacitor bank status. This
display has 21 separate items with no visible link. This display would have a relationship
score of 21. Referring to Figure 2.12, Bellevue Substation Display, the connection of the
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breakers and the transmission lines are viewable by the user. The user would see how the
effect of one or more breakers changing status would cause the flow to change on the
transmission lines. The breakers and transmission lines link together into one
relationship. This display would have a low relationship score of 1.
2.4.2.3.1

Relationship Measure

The relationship was based on the number of independent of relationships
identified for the display, and was labeled Orship for each display.
2.4.3

Weighting Schemes
There are many different methods of applying weighting values to attributes in a

model. For equations with known variables and results, the application of different forms
of regression analysis would determine the possible weighting factors. For equations
where the resultant is unknown, the development of a methodology is required to
determine weighting factors. In this study, weighting factors are unknown. For this
reason, various weighting methodology common in decision-making processes were
applied.
2.4.3.1

Ranking
Ranking of importance is one method for determination of the weighting for each

of the components. The importance of the tasks, the criticality of the tasks, the frequency
of updates, the quantity of information, the variety of presentation and the relationship of
the data needs to be determined to find a proper weight structure for each component.
Utility managers were asked to completed surveys in which they ranked the importance
of each component in display design. The six components were tasks, criticality,
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frequency, quantity, variety and relationship. The surveys utilized different methods of
ranking to elicit the proper information needed for the weighting scheme.
2.4.3.2

AHP Weighting Scheme
An Analytic Hierarchy Process (AHP) pair wise comparison was completed for

the ranking of importance of each component to determine a value between 0 and 1 with
a sum equal to one. As one weighting scheme, the AHP resultant value will be used as a
weight for each component in the application of the three complexity equations.
2.4.3.3

ROC Weighting Scheme
Rank order centroid (ROC) method of ranking is a method considered “highly

efficacious” (Barron & Barrett, 1996). ROC method has a defined weights determined
through research by Edwards and Barron (1994) based on the number of attributes. The
surveys used in determining the ROC Weights as shown in Table 2.3 were based on the
responders ranking the six components from 1 to 6 with 1 having the highest importance.
Table 2.3

ROC Weight Attributes

Rank
1
2
3
4
5
6
(Goodwin & Wright, 2009)

ROC Weight
40.8
24.2
15.8
10.3
6.1
2.8

For this study, all weighting was based on the principle that the sum of the
weights will equal 1. The ROC weighting results were divided by a hundred (100) for
normalization purposes.
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2.4.3.4

EW Weighting Scheme
Equal weighting (EW) is the application of equivalent ranking for each

component. For this application, ranking is not important, as all components are equally
important. The weight for each component will be 1/6 or 0.17.
2.4.3.5

PW Weighting Scheme
Point weighting (PW) is an approach where an individual has 100 points to

allocate among the different alternatives. Survey responders were asked to distribute 100
points to rank each of the components in reference to display design. Final weights were
the average of all utility manager responses. Again, weights were divided by 100 for
normalization.
2.4.3.6

RS Weighting Scheme
Rank sum (RS) weighting is an approach in decision making for weighting

alternates developed by Roberts and Goodwin (2002). This approach is a simple rank
sum method for application of weights. The ranking utilized for the ROC Weighting
Scheme was applied to this weighting scheme. Equation 2.4 details the formula as it is
applied for RS weighting. As for the RS weighting, Ri refers to the ranking of the
attributes where the rank of 1 is considered most important. The value “n” refers to the
total number of items being ranked.
WRS = 2(n + 1 – Ri) / (n (n + 1))

(Eq. 2.4)
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2.5

Methodology

2.5.1

Study
The overall goal of this study was to develop different possible complexity

metrics for determination of a complexity value for a display. Participants included
various system operators at multiple electric utilities and displays that were native to a
specific utility. Displays were evaluated and scored based on the derived complexity
metric (based on inputs from participants) using the task and observer components
discussed in the previous sections. Displays for each utility were scored separately due to
variation in displays used across utilities.
2.5.2

Participants
Three utilities agreed to participate in a study involving their EMS displays and

system operators. Participants included system operators and supervisor/managers who
work in a control room for electric utility grid operation. The number of participants
varied between utilities as the number of staff employed in control room operation varies
among the utilities. Twenty participants responded to the surveys.
2.5.3

Data Collection Procedure
Informed consent documents approved through the Mississippi State University

IRB were used prior to any data collection. A series of surveys and/or semi-structured
interviews, described below, will be used to elicit information from participants.
2.5.3.1

Display Identification Survey
Each utility was surveyed to define the displays evaluated in the study. The

displays are used in operating the respective electric system. While the names and looks
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of specific displays vary across utilities, the following displays, or their equivalent, were
evaluated are referred to herein in the evaluation of the complexity metric:


Interconnection Tie Summary (TIE)



Automatic Generation Control (AGC) / Area Control Error



System Overview (SYS)



Substation (SUB)



Reserve (RES)



Generator Status and Summary (GEN)



Voltage/Capacitor Summary (VOLT)

These displays were selected because these displays should match the functional
hierarchies of the tasks for each NERC identified function.
2.5.3.2

Display Components

2.5.3.2.1

Task Identification Data Collection

Each display was reviewed with the appropriate utility management personnel to
determine the functions and tasks assigned to that display. Utility management personnel
were questioned to determine which NERC registered functions apply to the utility
operation, as identified in the NERC Functional Model (2009b). The utility management
personnel reviewed the assignment of NERC tasks to the fixation groups. These
assignments determined a total number of tasks identified for each display.
2.5.3.2.2

Task Complexity Measurement

Each display was scored with three measurements: number of tasks using the
display, criticality and task frequency (all described earlier): Ttask, Tcrit, and Tfreq.
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2.5.3.2.3

Observer Complexity Measurement

Each display was scored with the three observer component measurements:
quantify of fixation groups, variety and relationships (all described earlier). Oqnty, Ovty
and Orship
2.5.3.3

Weighting Determination
Weighting of the components was determined through several known methods of

multi-attribute value in decision-making processes. AHP, ROC, PW and RS are the
weighting methods that require a ranking of importance for each component by use of
surveys. The EW method will not require a ranking as this method considers all
components equal in importance. Each utility’s management and training staff were
surveyed to determine possible rankings for the components of the complexity metric. A
pairwise comparison survey, similar to one used in the AHP process for critical task
determination, was used to determine the ranking of each component for AHP. A
separate survey was given to rank the components by Point Weighting. A third survey
was utilized to rank the components on ROC and RS.
2.5.3.4

Complexity Measurement
Scores for display complexity can be determined using the Task Complexity

components and the Observer Complexity components in the three complexity equations:
ComplexityAddition, ComplexityMultiplication and ComplexityMixed. Utilizing the different
possible weights of AHP, ROC, EW, RS and PW, fifteen (15) possible scores for
complexity for a display can be determined. Using the resultant data, sensitivities of the
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components on each complexity metric can be determined to help in the development of
an overall display metric.
2.5.3.4.1

Example of the Metric Calculation

Figure 2.12 contains a sample display labeled Bellevue Station. The Bellevue
Station display has been identified as having 9 fixation groups. Each fixation group is
circled and is labeled with a corresponding fixation group identifier. A sample of data
found for the tasks, criticality and frequency data is shown in Table 2.4.
Table 2.4
Fixation
Group
FG-1
FG-2
FG-3
FG-4
FG-5
FG-6
FG-7
FG-8
FG-9

Table of an Example of Fixation Group Scores for the Bellevue Station
Number of tasks Total Criticality of the
identified
tasks to the fixation group
1
2
2
2
2
2
2
4
4

0.01
0.62
0.62
0.62
0.62
0.62
0.62
2.78
2.78

Total Frequency of each
task to the fixation
group
1
6
6
6
6
6
6
12
12

The total identified tasks for the Bellevue station is 21. The criticality score for
Bellevue station display is the sum of the criticality values which equals 9.61. The
frequency score for the Bellevue station display is the sum of the frequency values. The
frequency score equals 61.
The total quantity is based on the number of fixation groups, the inclusion of
dynamic data and the consideration of clutter (more than 4 items in a fixation group).
With the Bellevue station display, all fixation groups are dynamic except fixation group
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FG-1. None of the fixation groups contains more than five items. Thus, the total
quantity value is 1+2*8 = 17.
For determination of the variety measurement, the display is reviewed to
determine the methods of presentations utilized in the display. For the Bellevue Station
display, it used a graphic layout to present the information to the operator. Thus, only
one perceptual method is used. The variety measurement for this display would be 1.
For the relationship measurement, the display is reviewed to determine how the
dynamic fixation groups are linked together. The more visually disconnected the fixation
groups are from each other, the higher the score. In the Bellevue Station, the graphic
displays a connection to each fixation group. When reviewing with utility management
personnel, they would remark that changes in status of any of the breakers (FG2 – FG7)
would visually make the operator aware that the other fixation group values (or status)
may immediately change. The relationship measurement will have a score of 1 for the
Bellevue Station display. A summary of the scores for the Bellevue display is shown in
Table 2.5.
Table 2.5

Example of Complexity Component Scores for Bellevue Station

Score
Task
Criticality
Frequency
Quantity
Variety
Relationship

Bellevue Station
21
9.29
61
17
1
1
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For application of the weighting, a ranking of the importance of each component
needs to be applied. Using AHP process, a ranking can be determined for the task and
observer component. Table 2.6 contains an example of an AHP output and the resultant
rankings.
Table 2.6

Example of Results of Survey of Display Component Importance

Component
Task
Criticality
Frequency
Quantity
Variety
Relationship

AHP Score
0.32
0.12
.05
0.46
0.02
0.03

Point Weighting
20
10
10
30
5
25

Rank
3
5
4
1
6
2

Using the ranking in Table 2.6, an appropriate weight for each component can be
determined for each different weighting method. Table 2.7 details an example of
different results for each weighting method.
Table 2.7

Example of Results for the different Weighting Schemes

Components
Task
Criticality
Frequency
Quantity
Variety
Relationship

AHP
00.32
00.12
00.05
00.46
00.02
00.03

ROC
00.24
00.16
00.10
00.41
00.03
00.06

EW
00.17
00.17
00.17
00.17
00.17
00.17

PW
00.20
00.10
00.10
00.30
00.05
00.25

RS
00.19
00.10
00.14
00.29
00.05
00.10

Applying the different weighting results as shown in Table 2.7 to each component
provides a possible effect that each component provides to a complexity equation. Table
2.8 provides the resultant scores under each weighting scheme.
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Table 2.8

Example of Complexity Task and Observer Metrics

Components
Task
Criticality
Frequency
Quantity
Variety
Relationship

AHP
6.72
1.11
3.05
7.82
0.02
0.03

ROC
3.32
0.57
6.28
6.94
0.03
0.24

EW
3.50
1.55
10.17
2.83
0.17
0.17

PW
4.20
0.93
6.10
5.10
0.05
0.25

RS
4.00
0.88
8.71
4.86
0.05
0.24

Using the three different equations, ComplexityAddition, ComplexityMultiplication and
ComplexityMixed, a total complexity score can be determined for each equation. Table 2.9
details the complexity score for each equation and weighting scheme.
Table 2.9

Example of Complexity Score for each Equation by Weighting Scheme

Equation
ComplexityAddition
ComplexityMultiplication
ComplexityMixed

AHP
18.75
0.11
22.85

ROC
19.86
0.56
46.88

EW
18.38
4.34
55.17

PW
18.86
1.30
33.76

RS
20.48
1.70
77.12

From this one display example, the components for Bellevue station using the
ComplexityAddition equation show that the weighting scheme does not have a major
impact. For the ComplexityAddition example, the mean of the results is 19.3 with a
standard deviation of 0.87. However, for the other equations, ComplexityMultiplication and
ComplexityMixed, the results of the different weighting methods are not as apparent.
ComplexityMultiplication results had a mean of 1.6 with a standard deviation of 1.67.
ComplexityMixed results had a mean of 47.2 and a standard deviation of 20.8.
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2.5.4

Results
Data was collected by utility. However, to eliminate possible concerns of

presenting sensitive information and to maintain autonomy for the utility, the data is
associated with Utility A, B and C.
2.5.4.1

Critical Task Data
Surveys were distributed to system operators and their managers to allow

individuals to rank each of the tasks against other tasks. The AHP process was used to
calculate the weight of importance, or criticality, for each NERC defined function task.
Scores were averaged across utilities due to similarities in functions and tasks. Tables
2.10, 2.11 and 2.12 present the criticality results for the Balancing Authority,
Transmission Operator and Interchange Operator Function tasks. These data were used
in scoring the criticality of display data. Through discussions with the utility managers,
the data links to tasks were identified. Task assignments and the associated criticality
score from these tables determined the criticality score for the display data. For the
Balancing Authority (BA) function, the shedding of load had the highest critical task
score followed by Emergency Procedures and ACE monitoring. For the Transmission
Operator (TOP) function, updating of transmission limits had the highest critical task
score followed by maintenance planning. For the Interchange Coordinator (IC), the most
critical task communication of a curtailment to appropriate entities and personnel.
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Table 2.10

Critical Task Score for Balancing Authority Function

Balancing Authority Functions
Approve
Implement
Account
Regulation service
Load following
Ace monitoring
Monitor reserves
Monitor ties
Demand side management
Re-dispatch
Deploy reserves
System restoration
Emergency procedures
Load shed
Resource commitment
Load forecast
Total

Table 2.11

Score
0.015
0.023
0.055
0.027
0.037
0.100
0.019
0.028
0.053
0.049
0.037
0.077
0.143
0.210
0.053
0.073
1.000

Critical Task Score for Transmission Operator Function

Transmission Operator Functions
Telemetry
Voltage
Operate within limits
Contingency analysis
Control breakers
Deploy reactive reserves
Mitigate constraints
Emergency procedures
System restoration
Load shed
Maintenance plans
Updating Transmission limits
Total

Score
0.013
0.054
0.060
0.019
0.032
0.029
0.051
0.107
0.054
0.069
0.207
0.305
1.000
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Table 2.12

Critical Task Score for Interchange Coordinator Function

Interchange Coordinator Functions
Receiving request
Confirmation of Request
Communicate curtailment
Validate request
Record confirmation or denial
Coordinate curtailment
Total

2.5.4.2

Score
0.075
0.157
0.449
0.070
0.042
0.208
1.000

Weighting Approaches
Surveys were also used to elicit information from utility managers to rank the

importance of each component as compared to another. The techniques used were the
AHP process, ROC method, point weighting (PW) method and rank sum weighting (RS)
method as described in section 2.4.3. The equal weighting (EW) method did not require
a survey as all components have equal weights. Results of these various weighting
schemes are shown in Table 2.13. Respondents, regardless of the weighting scheme,
weighted the criticality component highest, followed by number of tasks associated with
a display. The number of relationships of display data present in a display was weighted
the lowest for all weighting schemes.
Table 2.13
Scheme
AHP
ROC
EW
PW
RS

Results of Weighting Scheme Survey
Tasks
0.129
0.242
0.167
0.153
0.179

Criticality
0.491
0.408
0.167
0.363
0.214

Frequency Quantity
0.131
0.090
0.158
0.103
0.167
0.167
0.137
0.127
0.143
0.107
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Variety
0.128
0.061
0.167
0.120
0.071

Relationship
0.029
0.028
0.167
0.100
0.036

2.5.4.3

Complexity Score
The results from determining the different complexity equation scores varied in

levels of magnitude. Because of the structure of the different equations (addition,
multiplication and mixed), the scores could range from 10 – 1 x 107 for the same display.
Complexity components and the complexity equation scores were normalized to allow
for comparisons across approaches. In other words, for a utility with seven displays, the
display with the highest number of tasks was given a score of 1. The other displays were
given a score based on the number of tasks compared to the highest number of tasks. For
each complexity equation, weighting scheme results were also normalized.
2.5.4.4

Utility A
Utility A submitted seven displays that were reviewed. Table 2.14 displays the

complexity component values for each display. The System Overview (SYS), the
Generator Status (GEN) and the Voltage Summary (VOLT) displays had the highestranking component scores for all components except for variety and relationship, though
SYS and VOLT had the highest scores for variety, and VOLT had the highest
relationship component score. The AGC, Substation (SUB) and the Reserve (RES)
displays had the lowest component scores for most components, excluding criticality,
variety and relationship.
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Table 2.14

Normalized Complexity Metrics for Utility A

Display Tasks Criticality Frequency Quantity Variety Relationship
0.402
0.184
0.404
0.497
0.059
0.389
TIE
0.143
0.197
0.128
0.147
0.255
1.000
AGC
1.000
0.981
1.000
1.000
0.824
0.222
SYS
0.320
0.267
0.320
0.346
0.529
0.167
SUB
0.078
0.056
0.064
0.068
0.216
0.611
RES
0.520
1.000
0.463
0.548
0.020
0.333
GEN
0.373
0.836
0.817
1.000
1.000
VOLT 0.836

Three final display complexity metrics (ComplexityAddition, ComplexityMultiplication
and ComplexityMixed) were computed using the various weighting schemes identified
previously (AHP, ROC, EW, PW and RS). Figures 2.16, 2.17 and 2.18 detail the scores
for each display by complexity metrics and the weighting schemes. For Utility A,
complexity scores using the multiplication and mixed approaches generated similar
results across the weighting schemes, and both were found to be relatively insensitive to
changes in the individual component scores and weighting schemes. For both of these
complexity metrics, displays SYS, GEN and VOLT were considered the most complex,
this is in line with the individual complexity component scores. VOLT had the highest
complexity score for the multiplication approach, while SYS had the highest complexity
score for the mixed approach. For the addition approach, the weighting scheme was
more sensitive with the SYS display considered the most complex followed by displays
GEN and VOLT.
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Figure 2.16

ComplexityAddition Results by Weighting Scheme for Utility A

Figure 2.17

ComplexityMultiplication Results by Weighting for Utility A
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Figure 2.18

2.5.4.5

ComplexityMixed Results by Weighting Scheme for Utility A

Utility B
Utility B also submitted seven displays that were reviewed. Table 2.15 depicts

the results of the normalized complexity metrics for each display. The SYS display had
the highest values for all components except relationship, which is was still one of the 3
most complex displays. The SUB and VOLT displays were consistently in the top 3 for
most components. These results are similar to those found for utility A. The TIE, RES
and GEN displays had the lowest complexity component scores for most components,
with TIE and RES displays appearing in the bottom 3 for all components.
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Table 2.15
Display
TIE
AGC
SYS
SUB
RES
GEN
VOLT

Normalized Complexity Metrics for Utility B
Tasks
0.071
0.310
1.000
0.361
0.052
0.282
0.512

Criticality
0.028
0.237
1.000
0.089
0.013
0.204
0.509

Frequency
0.071
0.307
1.000
0.362
0.044
0.279
0.491

Quantity
0.094
0.356
1.000
0.384
0.052
0.306
0.478

Variety Relationship
0.302
0.286
0.488
1.000
1.000
0.333
0.628
0.095
0.023
0.190
0.326
0.810
0.093
0.333

Figures 2.19, 2.20 and 2.21 illustrate the complexity metric approaches for each
weighting scheme. As was the case for Utility A, the SYS display was found to be the
most complex display regardless of the weighting scheme. Again, the multiplication
approach was insensitive to changes in individual component scores, as was the mixed
approach though the mixed approach was somewhat more sensitive. Excluding the SYS
display, the addition approach appeared to be more sensitive to changes in individual
complexity scores, dependent upon the weighting scheme used. The TIE and RES
displays were found to be the least complex displays regardless of the weighting scheme
or approach used.
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Figure 2.19

ComplexityAddition Results by Weighting Scheme for Utility B

Figure 2.20

ComplexityMultiplication Results by Weighting for Utility B
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Figure 2.21

2.5.4.6

ComplexityMixed Results by Weighting Scheme for Utility B

Utility C
Utility C only submitted six displays, with the difference being Utility C utilized

an overhead mapboard rather than a system overview (SYS) display. Table 2.16 details
the normalized complexity metric scores for each display. Displays GEN and VOLT
were consistently in the top 3 for all complexity components, with display SUB also had
high scores excluding the criticality and relationship components. Displays AGC and
RES had the lowest complexity component scores for all components.
Table 2.16
Display
TIE
AGC
SUB
RES
GEN
VOLT

Normalized Complexity Metrics for Utility C
Tasks
0.389
0.486
0.889
0.153
0.764
1.000

Criticality
0.889
0.452
0.407
0.111
1.000
0.741

Frequency
0.339
0.434
0.744
0.136
1.000
0.893
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Quantity
0.344
0.461
0.750
0.139
1.000
0.928

Variety
0.417
0.792
1.000
0.125
0.917
1.000

Relationship
0.147
0.116
0.031
0.023
0.132
1.000

Figures 2.22, 2.23 and 2.24 illustrate the overall complexity scores using each of
the three approaches. Again, the multiplication approach was not found to be sensitive to
the weighting scheme for the complexity component differences across displays. The
mixed and addition approaches were found to be sensitive to these factors. For both
approaches, the GEN and VOLT displays were found to the most complex, and RES
display was found to be the least complex.

Figure 2.22

ComplexityAddition Results by Weighting Scheme for Utility C
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Figure 2.23

ComplexityMultiplication Results by Weighting for Utility C

Figure 2.24

ComplexityMixed Results by Weighting Scheme for Utility C

70

2.6
2.6.1

Limitations
Utilities
Each electric utility operates the electric grid differently. Some utilities operate

different parts of the grid from different control rooms. Based on the organization
structure, the FERC Code of Conduct (2008) and the geographic areas under the control
of the utility, the utility may have designed their operation from different control rooms
with personnel trained differently and utilizing different computer systems. For these
reasons, there is little uniformity in utility organizational structures, in their operation
environments or in their task structures.
2.6.2

Defined Task Functions
Even though NERC has defined standard functions in the operation of the utility,

the application of the functions vary among utilities. Not all utilities perform every
function listed by NERC. Based on the utility size and contracts, the utility may only
perform a certain set of functions. For this study, utilities were chosen to participate that
provide the major functions in a control center operation: Balancing Authority,
Transmission Operator and Interchange Coordinator at a minimum.
2.6.3

System Operator
Each utility in this study have system operators who monitor the system grid.

These system operators will vary in years of experience with the utility and as a system
operator. The background and experience that defines the system operator will vary in a
utility. System operators may consist of employees who originally operated at power
plants or worked with transmission line crews.
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2.6.4

Energy Management System (EMS)
The EMS defines the computer operating system utilized in the control of the

generation and transmission system for a utility. There are different manufacturers that
develop EMS for utilities thus the methodology of how the information is gathered and
presented to the system operators vary among the manufacturers. The displays utilized in
the EMS are typically a product of the manufacturer and may be modified by the utility at
its request. At this time, no known standard exists between the manufacturers on the
design of the EMS or the displays. The design and look of the displays vary based on the
standards defined by the utility and the EMS vendor.
2.7

Discussion
The development of this complexity metric required an evaluation of various

control room displays to quantify the components that are hypothesized to effect display
complexity: task, complexity, frequency, quantity, variety and relationship. These
components were determined from studies performed in the air traffic control industry by
Xing and Manning (2005) and Durso, Sethumandhaven and Crutchfield (2008). Durso,
Sethumandhaven and Crutchfield (2008) determined that the number of tasks, the task
complexity and the frequency of the task had an effect on the complexity of the display
presented to an operator. Xing and Manning (2005) found that quantity of information
on a display, the variety of the data and the relationship of the data provided a method to
determining complexity. These items were combined into three complexity metric
equations with the inclusion of weighting factors to determine the complexity of one
display as compared to another.
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2.7.1

Variation of the Metric Equations Results
Overall, the different approaches for computing overall complexity provided

similar results. The multiplication and mixed equations were insensitive to changes in
complexity component scores and weighting schemes. Table 2.17 details the mean,
standard deviation, the coefficient of variation and interquartile range for all the different
equation results and weighting factors.
Table 2.17

Statistical Data on the Different Complexity Equations

Equation

Mean

AHP Add
ROC Add
EW Add
PW add
RS add
AHP Mult
ROC Mult
EW Mult
PW Mult
RS Mult
AHP Mixed
ROC Mixed
EW Mixed
PW Mixed
RS Mixed

0.483
0.486
0.525
0.510
0.499
0.202
0.202
0.202
0.202
0.202
0.267
0.264
0.277
0.274
0.268

Standard
Deviation
0.326
0.330
0.301
0.318
0.327
0.392
0.392
0.392
0.392
0.392
0.379
0.377
0.382
0.381
0.380

Coefficient of
Variation
67.580
67.860
57.460
62.470
65.510
193.500
193.500
193.500
193.500
193.500
142.100
142.890
137.850
139.050
141.720

Interquartile
Range
0.478
0.483
0.458
0.469
0.524
0.115
0.115
0.115
0.115
0.115
0.331
0.327
0.442
0.381
0.332

The data for the equation involving multiplication of the component data,
ComplexityMultiplication, demonstrates a high coefficient of variation. The high coefficient
of variation indicates that the standard deviation is 193% larger than the mean of the data.
Thus, the data has considerable variation about the mean. The interquartile range for the
same data indicates that a significant portion of the data is in the lower quadrant of the
data. With the coefficient of variation being large and the interquartile range extremely
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small, this equation can be excluded from further consideration as a viable method for
computing overall display complexity.
The ComplexityMixed equation results indicated that the range of data in the
interquartile range was between 30% - 40%. The coefficient of variation averaged at
140% when comparing the standard deviation to the mean. This indicates more variation
among the scores for the different displays. Based on these results, this equation can be
ruled out as a possible equation for measuring complexity.
When considering the addition version of the complexity equation, final
complexity results were similar for two of the three utilities, but were insensitive for
Utility C. When reviewing the statistics in Table 2.17, the ComplexityAddition equation
had a coefficient of variation that ranging from 57% to 67%. The interquartile range
included almost 50% of the range of possible scores. The addition approach appears to
provide more dispersion among the displays, allowing for an improved understanding of
how each of the displays related to one another.
The approaches selected above match previous research efforts. Xing and
Manning (2005) considered quantity, variety and relationship as three independent
components to complexity, similar to an addition approach. Durso, Sethumandhaven and
Crutchfield (2008) multiplied task, criticality and frequency components to determine the
aggregate relevance of the information in a display. As this study included all of these
complexity components, various approaches were considered. The single best approach
for determining overall display complexity seems to be applied by the ComplexityAddition
equation. The multiplication and mixed approach have been shown to be insensitive
compared to the addition approach and will not be considered further. It should be noted
74

that the equal weighting scheme is the same as utilizing no weights in the complexity
equation.
2.7.2

Weighting Factors
There were five types of weighting factors used. The weighting factors, except

for the equal weighting factor, were based on the ranking of importance of the six
components: tasks, criticality, frequency, quantity, variety and relationship. The
weighting factors were analyzed utilizing known methods for applying weights based on
importance. The ranking order of the different weighting schemes is shown in Table
2.18. The ROC, PW and RS ranking was based on the similar survey rankings thus, the
ranking of the weights are similar.
Table 2.18
Scheme
AHP
ROC
EW
PW
RS

The Ranking of the Complexity Components by Weighting Scheme
Tasks
3
2
1
2
2

Criticality Frequency Quantity Variety
1
2
5
4
1
3
4
5
1
1
1
1
1
3
4
5
1
3
4
5

Relationship
6
6
1
6
6

The EW and AHP weighting scheme had a different ranking structure to the
weighting as opposed to ROC, PW and RS. A Minitab correlation study was completed
on the five weighting schemes for the three complexity equations. Appendix C details
the correlation of the different complexity equations by each weighting scheme. All the
different weighting schemes were correlated with the other weighting schemes. For this
reason, it was decided to utilize the equal weighting scheme as it provides similar results
and is an easy and effective method of applying weights.
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2.7.3

Display Scores between Utilities
It was interesting to note that for two of the utilities, the same type of display was

rated the most and least complex. The most complex display for these two utilities was
the SYS display or the system overview display. These two utilities had a display with
all their substations and transmission lines drawn to indicate the topology of the system
interconnections. The least complex display for all three utilities was the RES display or
the reserve display. In all situations, this was a display with limited use and was
populated with a minimum set of numbers to indicate reserve levels.
One utility did not have a system map or SYS display, that utility’s most complex
display was the VOLT, or voltage, display. Interesting enough the VOLT display was
the second highest complex display for the other two utilities.
2.7.4

Conclusion
An overall display complexity metric was developed using six components, and

considering three overall approaches, and five weighting schemes. The ComplexityAddition
metric with equal weighting does differentiate displays based on the overall scores such
that a more or less complex display can be identified. It does not provide any
information as to whether a highly complex display results in reduced operator
performance. Further, studies are needed to understand the relationship of the developed
metric with similar constructs (e.g., usability and situation awareness) to assess the ability
of the metric to identify situations in which complex displays may affect operator
performance.
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CHAPTER III
VALIDATION OF AMOUNT OF COMPLEXITY IN DISPLAYS

3.1

Abstract
In Chapter II, a complexity metric was developed to quantify display complexity

based on methods used in similar areas (e.g., air traffic control). The objective of this
study was to validate a complexity metric for the power industry using current
operational displays used by utilities in system operation. The validation of the
complexity metric from Chapter II was based on usability assessments and a
perception/comprehension study of current displays used in system operation at utilities.
Usability and situation awareness results were compared to the computed complexity
score. Using the results of the tests, the information was correlated with the complexity
metric determined from Chapter II. Correlation was not found between the complexity
equations and the scores from the usability and situation awareness assessments. This
may imply that usability and situation awareness may not fully measure complexity.
3.2

Introduction
Historically, control centers at electric utilities have operated their electric system

with little standardization or commonality in the computer systems or system displays.
As the power grid is an integrated system, adjacent and non-adjacent utilities often must
coordinate activities to ensure the viability and reliability of the power grid. This
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requires communication between utilities. A lack of commonality in displays can
increase difficulty in communications and potentially increase operator workload.
Complexity is a measure that differs from workload. Complexity has been
defined as a measure of difficulty. Workload can include components not considered in
complexity, such as operational factors and individual factors (Schaefer, Meckiff, Magill,
Pirard, & Aligne, 2001). High levels of display complexity can cause operator errors, but
this does not mean that all errors are caused by complexity. Studies in the air traffic
control industry have shown that occurrence of operator errors can be caused by
environmental and performance factors (Pfleiderer, Manning, & Goldmand, 2007), in
addition to display complexity.
Validation of theories, postulates or other ideas or concepts is required for
universal acceptance. In the software industry, requirement engineering is a phase that is
considered essential in the development of software. Verification and validation are two
elements critical to the success of a software project (Jang, Eberlein, & Far, 2008).
Validation and verification in engineering is defined as confirmation that a product or
service meets the user needs (Validation, 2011).
There are several types of validity, including but not limited to (Shuttleworth,
2009):
1.

External validity – the extent to which a research effects can be generalized to
the general world

2. Internal validity – the extent to which and experimental design follows the
cause and effect principle
3. Test validity – the extent to which meaning can be assigned to results
78

4. Face validity – the extent to which the experiment is considered appropriate
Within test validity, there are several types of validity:
1. Criterion validity – “assesses whether a test reflects a certain set of abilities
a. Concurrent validity – “measures the test against a benchmark test and high
correlation indicates that the test has strong criterion validity.”
b. Predictive validity – “is a measure of how well a test predicts abilities. It
involves testing a group of subjects for a certain construct and then
comparing them with results obtained at some point in the future.”
2. Content validity – “is the estimate of how much a measure represents every
single element of a construct.”
3. Construct validity – “defines how well a test or experiment measures up to its
claims. A test designed to measure depression must only measure that
particular construct, not closely related ideals such as anxiety or stress.”
a. Convergent validity – “tests that constructs that are expected to be related
are, in fact, related.”
a. Discriminant validity – “tests that constructs that should have no
relationship do, in fact, not have any relationship (also referred to as
divergent validity).”
The focus of this research will be on test validity, specifically concurrent and predictive
validity.

79

3.2.1

Question 1: How to validate a complexity metric from a user point of view?
The developed complexity metric was built based on two main considerations:

observer and task dependencies. Observer dependency was based on the concept that
system operators are affected by the quantity, variety and relationship of data presented in
a display, as shown in studies by Xing (2007). Each one of these observed dependency
components affects the system operator’s cognitive load. To determine if the complexity
metric properly captures the complexity for the observer, a usability assessment could be
utilized (as a measure of concurrent validity).
Usability is “not a quality that exists in any real or absolute sense” (Brooke,
1996). Usability is determined through a set of components that may include execution
time, user satisfaction, performance and learnability (Abran, Khelifi, & Suryn, 2003). In
the software industry, usability is considered an important factor in the acceptance and
productivity determinations of applications (Abran, Khelifi, & Suryn, 2003). Usability
measures, as referenced in ISO 9241-11 standards, include effectiveness, efficiency and
satisfaction (ISO, 1998). A display that features good usability can allow the operator to
perform the task with better effectiveness, more efficiently and with the confidence of
satisfaction to the operator.
There are many different questionnaires available to measure usability. Some
usability questionnaires are developed for computer-based interfaces, some for software
or web based products and others are designed to measure any type of interface (Bangor,
Kortum, & Miller, 2008). To evaluate the usability of displays, a questionnaire designed
for a graphic interface would be needed. Of the current usability questionnaires,
reviewed by Bangor, Kortum and Miller (2008), two usability questionnaires were suited
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for computer-based interface and three usability questionnaires were adaptable to any
interface. The two usability questionnaires, which were suited for computer-based
interface, determine how usable the menus of a software system are in performing a
function. For system operators, the displays are different from the everyday world of
using software such as Microsoft Excel or Minitab. The displays for system operators are
monitored to identify system status changes or numbers displayed on the screen. Since
the design of the displays is different, it was considered that a usability questionnaire that
was more adaptive to any interface would be more appropriate.
Of the three remaining usability questionnaires that work with any interface, the
System Usability Scale provides a single reference score, which would be advantageous
for this study (Bangor, Kortum, & Miller, 2008). The System Usability Scale (SUS) is
considered an excellent product for comparing different tasks within the same interface
(Bangor, Kortum, & Miller, 2008). This is an essential need since the displays used by
the system operators contain many functions within a display. The SUS is also an
excellent product for assessing comparable interfaces (Bangor, Kortum, & Miller, 2008).
The SUS could provide a method to compare original displays against modified displays
to measure the differences in usability.
Usability testing would allow the user or system operator to score the
effectiveness, the efficiency and the satisfaction of each display. It is hypothesized that
displays that are rated as having a higher usability score would be less complex displays.
If a display were more complex in its overall design, the operator would have a higher
cognitive load, thus, decreasing the effectiveness, efficiency and/or the satisfaction of the
user.
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3.2.2

Question 2: How to validate a complexity metric from a functional or task
perspective?
The task component of the complexity metric was based on research by Durso,

Sethumandhaven and Crutchfield (2008) and “aggregate relevance.” Aggregate
relevance included factors such as the number of tasks, task occurrence frequency and
task criticality (Durso, Sethumandhaven, & Crutchfield, 2008). Task component
validation of the complexity metric should measure how the system operator applies the
information on the displays to complete the tasks.
Situation awareness (SA) has been defined as the information a user remembers
that can be passed on to another or utilized in a process (Durso & Sethumandhavan,
2008). SA is a method to define the user’s awareness to the ever changing (work)
environment (Wickens, Lee, Liu, & Gordon Becker, 2003) (Durso, Rawson, & Girotto,
2007). A lack of SA, or a lack of understanding the situation, can lead to errors. Electric
utility errors in 2003 that led to the blackout in the northeast part of the United States
were caused in part by system operators not being aware of the situation (NERC, 2004).
Other errors by system operators in Florida and in California were also due in part to the
system operator lacking SA (Order Approving Stipulation and Consent Agreement, 2009)
(Soto, 2010).
SA can be a method to determine how system operators recognize situations
depicted in the displays (as a measure of predictive validity). Displays that are more
complex are hypothesized to result in reduced SA, and less complex displays will result
in higher SA.
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3.3

Objective
The objective of this study was to validate an appropriate complexity metric from

Study 1 for electric utility control room displays.
3.4

Hypotheses
1. Displays with higher complexity scores will have lower usability scores.
2. Displays with higher complexity scores will reduce SA. Specifically, response
time will be increased, and accuracy of response will be decreased.

3.5
3.5.1

Methods of Validation
System Usability Scale (SUS)
The System Usability Scale (SUS) is a simple, ten-item scale that is used to

provide a global view of the structure assessments of usability (Brooke, 1996). This scale
uses a 5-point Likert scale to rate the degree of (dis)agreement to statements. The SUS
was developed according to three usability criteria defined by ISO 9241-11 (ISO, 1998)
(Bangor, Kortum, & Miller, 2008):
1. The ability of users to complete the task and the quality of the output;
2. The level of resources used; and
3. The users’ reaction to using the system.
SUS is considered a valid usability test that has been deemed “technology
agnostic” when testing the usability of different technology interfaces (Bangor, Kortum,
& Miller, 2008). SUS scores range from 0 to 100 with a higher number denoting higher
usability. Bangor, Kortum and Miller (2008) found that the SUS provided a positive
supplement for usability testing when comparing different tasks within same interface,
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for comparing competing interfacing and for competitive assessment of interfaces. SUS
has demonstrated to have a reliability rated at 0.85 or 85% (Bangor, Kortum, & Miller,
2008) (Kirakowski).
SUS was developed through a pool of 50 questionnaires involving users and
designers. From the questionnaires, the respondents were to scale whether they “strongly
agree” or “strongly disagree” based on a five (5)-point scale. From the responses, the
items with the extreme responses were selected. The SUS is depicted in Table 3.1.
Table 3.1

System Usability Scale

System Usability Scale (SUS)

1.
I think that I would like to use this system
frequently
2.
I found the system unnecessarily complex
3.
I thought the system was easy to use
4.
I think that I would need the support of a
technical person to be able to use this system
5.
I found the various functions in this system
were well integrated
6.
I thought there was too much
inconsistency in this system
7.
I would imagine that most people would
learn to use this system very quickly
8.
I found the system very cumbersome to
use
9.
I felt very confident using the system
10.
I needed to learn a lot of things before I
could get going with this system.

Strongly
Disagree

Strongly
agree

1

2

3

4

5

1
1

2
2

3
3

4
4

5
5

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

(Brooke, 1996)

Scoring the SUS yields a single number that will represent the overall usability of
the interface. The score is weighted according to the statements. The scoring of each
statement is from 0 to 5 with 0 for strongly disagree and 4 for strong agree. Statement 1,
3, 5, 7 and 9 are scored with the score according to the rank position minus 1. Statement
2, 4, 6, 8 and 10 are scored with 5 minus the rank position. The higher the score, the
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more usable the interface is and the less complex from the user’s perception. SUS does
provide a useful metric to the overall usability of an interface or product (Bangor,
Kortum, & Miller, 2008).
3.5.2

Situation Awareness Global Assessment Technique (SAGAT)
Situation Awareness (SA) has been defined as a characterization of users’

awareness of the dynamic changes in an environment (Wickens, Lee, Liu, & Gordon
Becker, 2003). Endsley (1998) defined situation awareness as a perception of the
elements, the comprehension of the meaning and a projection into the future status of
those elements. From Endsley’s definition of SA, three stages for SA can be defined as
perception, understanding and prediction (Wickens, Lee, Liu, & Gordon Becker, 2003).
SA is not a rating of performance (Endsley, 1995b).
SA in the pilot decision process is critical but separate from the actual decision
making action (Endsley, 1987). It is important for the pilots to maintain situation
awareness to facilitate the decision process. Situation awareness process in pilots has
been constructed as shown in Figure 3.1.
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Workload

Decision
Perception

Comprehension

Performance of
Actions

Projection

Individual
Preconceptions and
Objectives

(Ability, Experience,

Training)

Feedback

Environment

Figure 3.1

Situation Awareness Model

(Endsley, 1987)
SA begins with the perception of the situation. As items change in his view, the
pilot begins to form patterns toward the changes and the pattern that develops. The pilot
then understands the significance of the changes he has seen in the instruments. This
understanding leads the pilot to project the possible future states (Endsley, 1987).
The measurement of SA can provide input into system design, workload and the
acquisition and comprehension of the data (Wickens, Lee, Liu, & Gordon Becker, 2003).
Many different techniques have been utilized to measure SA, including the Situation
Awareness Rating Technique (SART) and the Situation Awareness Global Assessment
Technique (SAGAT).
SART provides a measure or assessment of SA based on operator’s subjective
opinion (Endlesy, Selcon, Hardiman, & Croft, 1998). SART has 14 components that the
operators will rate on how they perceive a demand of resources, a supply of resources and
an understanding of the situation. The scores are combined to determine an overall
SART rating. This technique is considered easy to use. This technique does not require
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different customizations for different situations (Endlesy, Selcon, Hardiman, & Croft,
1998). The limitations include the inability of operators to rate their own SA, the
possible influence of performance in the SA rating and possible conflicts with workload
that may affect the SA rating (Endlesy, Selcon, Hardiman, & Croft, 1998).
SAGAT utilizes a simulation scenario technique coupled with a series of freezes
in time to allow the operator to be questioned on the knowledge of the situation (Endlesy,
Selcon, Hardiman, & Croft, 1998). Questions are based on cognitive tasks analysis that
must be done on each domain (Endlesy, Selcon, Hardiman, & Croft, 1998). Thus,
SAGAT can be utilized in many different environments. SAGAT is considered an
objective analysis of SA as it evaluates the operator’s SA across a range of elements
(Endlesy, Selcon, Hardiman, & Croft, 1998). The disadvantage of SAGAT is that it
requires freezing a simulation, thus the operator is disrupted from his activities. It also
has been implied that the operator may be working more from memory than SA since the
questions begin immediately after the simulation is frozen (Endlesy, Selcon, Hardiman,
& Croft, 1998).
Because of its adaptability, SAGAT was chosen as a method to use to measure
operator’s perception and comprehension. In the development of SAGAT, Endsley
(1987) was looking for a tool to measure SA between different systems. The desired
measure that Endsley wanted to achieve should be useful in evaluating different systems
for pilots including:


Display, symbology and design



Advance control/display concepts (3-D displays)



Avionics and sensor design
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Advance software concepts



Expert systems



Training techniques

The advantages of SAGAT include that it provides a current “snapshot” of the
user’s awareness. It also provides a look at all the user’s situation awareness
requirements, thus giving a global measure of SA. It also measures the user’s knowledge
of the situation and can be objectively collected (Endsley, 1987).
3.6
3.6.1

Methodology
Study
The study utilized the same displays from Chapter II. Each display was scored on

usability and situation awareness via the SUS and SAGAT techniques, respectively. SUS
and SAGAT scores were correlated with the computed complexity scores obtained from
Chapter II.
3.6.2

Participants
The utilities from Chapter II agreed to participate in a study involving their EMS

displays and system operators. Participants included system operators and
supervisor/managers who work in control room for electric utility grid operation. The
number of participants varied between each utility as the number of staff employed in
control room operation varies among the utilities. The total number of participants
ranged from 18 to 20 on the two different assessments.
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3.6.3

Data Collection Procedure
For both the usability and the SAGAT evaluation, only those displays native to

the utility were assessed. This is to minimize any confusion arising from using nonfamiliar displays. The evaluation of SAGAT and SUS was performed with each
operator. SAGAT testing was separate from SUS testing.
3.6.4

SAGAT Evaluation
Prior to the SAGAT evaluation, the researcher met with utility managers to

review each selected display and identify key items on the display for manipulation (what
data points, symbols, graphs, etc. need to dynamic to represent events, such as line
outages, over-generation, etc.). Data from these interviews was used to develop
alternative displays for the SAGAT evaluation. Ideally, simulators would be used for the
conducting of SAGAT testing. However, many utilities do not have simulators.
Therefore, to have consistency across utilities to be tested, modified static displays was
used for this phase of the study. Microsoft’s Visio software was used to generate the
needed displays.
For perception testing, each display was tested individually and order of exposure
to displays was randomized. Participants reviewed each display for a period of two
minutes to familiarize themselves with the data. For the testing session, participants were
given displays with data changed on the display. During the testing, participants were
given four questions about information presented and they provided their responses as
either: Normal, Concerning, In Need of Immediate Action or I don’t know/Not
Applicable. Three of the questions were specific to that display. The fourth question
posed the question on the overall state of the display in reference to the possible choices
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mentioned earlier. Each display has different subject matter involved and the first three
questions will be different based on the purpose of the display.
For comprehension testing, two questions were asked for each display. The first
question requested the user to mark all the functional areas where the current risk
mandates action may or needs to be taken. The areas to choose from included the
following selections: Transmission, Interchange, Generation, EMS, the Electrical Grid
(System), Telemetry or Other. A second question posed a Yes/No question asking the
respondent if any immediate actions is in need to be taken. Participants were given 5
minutes to view each display. The individuals were scored on percentage of correct
answers.
3.6.5

Usability Evaluation
The SUS scale was used in this study. Because the original SUS was developed

for use in system evaluations, the SUS was modified to include the word “display” rather
than “system.” This change was necessary to make the SUS relevant to the participants
of this study. Participants were asked to provide a SUS rating for each display
individually. Scoring on SUS has a maximum score of 40. An example of a SUS score
(UD) is shown in Table 3.2. The scores were adjusted by a factor of 2.5 to provide a
score from 0 – 100.
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Table 3.2

Example of SUS Score (UD)

Display #1
Respondent #1
System Usability Scale (SUS)
for Complexity Metric
1.
I think that I would like
to use this display frequently
2.
I found this display
system unnecessarily complex
3.
I thought the display was
easy to use
4.
I think that I would need
the support of another person
to be able to use to keep track
of this display
5.
I found the various
information in this display
were well integrated
6.
I thought there was too
much inconsistency in this
display design
7.
I would imagine that
most people would adapt
quickly to this display
8.
I found the display very
cumbersome to use
9.
I felt very confident
using the display
10. I needed to learn a lot of
things before I could get going
with this display.

3.6.6

Strongly

Strongly

Disagree
1

agree
2

3

4

Resultant Score

5
X

X

3
3

X

2

X

4

X

0
X

3

X

0
X

3

X

1

X

4
Total (UD)

23

Data Analysis
From the results of the study in Chapter II, one complexity metric equation would

be used in the analysis of the metric to usability and SA. Correlation studies with the
equation and the usability and situation awareness assessments were performed to
determine how the complexity correlate to usability and SA. Spearman’s correlation
coefficients were computed between the SAGAT and SUS scores and the complexity
metric scores computed in Chapter II. Minitab and Microsoft Excel software was used to
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compute the correlation matrix. Any findings are considered significant if the p-value ≤
0.05. Each utility’s respondent scores for SUS and SAGAT for each display was utilized
to in the determination of correlation to the different complexity metric equations.
Correlation was also performed on the results from questions 2, 3, 4, 6 and 8 of the SUS
questionnaire with the complexity scores. These usability questions were questions that
were associated directly to the complexity viewed by the user. Correlation analysis was
also performed on the perception and comprehension scores from the SAGAT testing.
Appropriate descriptive statistics were computed for each SAGAT and SUS
variable. Additionally analyses used ANOVA analysis to determine differences in SUS
and SAGAT scores based on display and utility and their interaction. This is to
determine if participants from a specific utility rated equivalent displays differently.
ANOVA analysis was also performed on the complexity scores by display and utility.
Post-hoc analyses will be conducted where appropriate. Again, all findings are
considered significant at p-value ≤ 0.05.
3.6.7

Results of Complexity Metric Evaluation
Data was collected from each utility on the SAGAT and SUS surveys (Table 3.3).

The SUS and SAGAT scores were developed where a higher score (maximum = 1.00)
means the display is more user-friendly or has higher situation awareness. As can be
seen from this table, the displays with the highest usability varied between the utilities.
For SAGAT, two utilities had the same display, RES, as having the highest situation
awareness results. For the other utility, the RES had the fourth highest SAGAT response.
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Table 3.3
Display
TIE
AGC
SYS
SUB
RES
GEN
VOLT
(1.0= Best)

SUS and SAGAT Scores for Utility A, B & C
Utility A
SUS
SAGAT
0.78
0.59
0.50
0.47
0.70
0.43
0.75
0.61
0.61
0.64
0.62
0.53
0.77
0.64

Utility B
SUS
SAGAT
0.77
0.44
0.65
0.63
0.71
0.44
0.83
0.71
0.82
1.00
0.60
0.56
0.68
0.63

Utility C
SUS
SAGAT
0.71
0.72
0.79
0.67
n/a
n/a
0.84
0.38
0.94
0.50
0.78
0.37
0.84
0.66

Results of the Pearson correlation analysis, shown in Table 3.4, revealed that none
of the complexity measures was correlated with SUS and SAGAT scores; nor were SUS
and SAGAT score correlated. A correlation analysis was performed on the SUS
questions directly related to complexity, the SAGAT perception scores and the SAGAT
comprehension scores. The complexity score was not correlated with the SUS questions
that were specific to complexity, the SAGAT perception scores or the SAGAT
comprehension scores. Appendix D details the correlation analysis on each of the SUS
questions with the complexity scores. All but one question had p-values that exceeded
0.10. Question 4 from the SUS questionnaire, which asked if technical help is required to
use the display, did have a p-value of 0.09.
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Table 3.4

Correlation Data for SUS, SAGAT and Complexity Scores
SUS

SUS

SAGAT

1.000

0.136
0.567
0.969
SUS Complexity
0.000
0.295
SAGAT Perception
0.207
0.046
SAGAT
0.847
Comprehension
-0.108
ComplexityAddition
0.649
SAGAT

SUS
Complexity

SAGAT
Comprehension

ComplexityAddition

1.000
0.124
0.603
0.643
0.002
0.316
0.175
-0.252
0.285

1.000
0.270
0.250
-0.027
0.911
-0.157
0.508

1.000
0.115
0.631
-0.228
0.333

Bold values indicate significant findings
Correlation scores are on top
P-Values are on bottom
3.6.8

SAGAT
Perception

1.000
-0.224
0.342

1.000

Analysis of Variance
Using Minitab, an Analysis of Variance (ANOVA) was used to test for scoring

differences by the system operators by the displays, utilities, and the interaction between
display and utility on SUS and SAGAT scores (Table 3.5). ANOVA was also performed
on the ComplexityAddition scores by display and utility for comparison purposes. SUS and
SAGAT scores were found to differ by utility, but not by display. Utility A SUS scores
were found to differ from the other utility’s SUS scores, while for SAGAT, Utility C
scores differed from Utility A and B.
Table 3.5

ANOVA results for SUS and SAGAT score.

Variable
Display
Utility
Display*Utility
Values are p-values

SUS
0.325
0.020
0.460

SAGAT
0.172
0.019
0.507
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ComplexityAddition
0.086
0.104

3.6.9

Scatter Plot Analysis
A scatter plot analysis was performed on the SUS and SAGAT scores by

complexity scores (Figures 3.2 and 3.3). Curves (linear, quadratic, and cubic) were fit to
the data, however, no curve was found to be significant. A linear fit line was the best fit,
though for both scores, were highly insignificant (p-values > 0.25).

Figure 3.2

SUS Scatter Plot Analysis

95

Figure 3.3

3.7
3.7.1

SAGAT Scatter Plot Analysis

Limitations
Usability
For this study, it was assumed that usability and complexity, while different

concepts, would be related in that the more complex a display, the lower the usability
rating. In power utility system operations, there is the possibility that complex displays
are usable, due to a number of reasons. Usability has been defined as something that is
useful, usable and satisfying (Zhang & Walji, 2011)
First, displays that are more complex can have more tasks imbedded in the
structure of the display. By having more tasks associated with a display, the user can
complete more of the overall objective of the utility defined function. Thus, the display
can be viewed as useful even though complex.

96

Displays with more information, hence more complex, may be used more
frequently. Therefore, system operators will not have to use other displays or sources of
information to complete work tasks. Thus, a less complex display would have fewer
capabilities than a higher complex potentially reducing perceived usability. The displays,
even though complex, are perceived as usable as more efficient in completing the tasks.
If the user is able to meet the objectives and be more efficient with a complex
display, then the user’s satisfaction can imply that a display has higher usability even
though it is more complex.
3.7.2

Situation Awareness Testing
SAGAT testing was used to measure SA of operators when viewing common

EMS displays. A low fidelity method was utilized by providing paper mock ups of the
displays with data modified. The displays were then presented to system operators.
Operators were then asked a series of questions to measure various aspects of SA. A
major limitation of this approach was the use of paper based mock ups of the displays.
Ideally, training simulators that incorporate the utilities EMS system would have been
used to measure SA under real world conditions. However, none of the utilities tested
had a simulator. The development of a simulator for an EMS system was estimated by
one utility to be in the range of more than $500,000. For this study, the use of simulator
was not feasible.
Additionally, the use of paper based mock ups removed other aspects of the EMS
system that may affect SA (e.g., changes in visual status, auditory alarms, communication
with other system operators, etc.). Again, the feasibility of generating a scenario of
sufficient rigor to mimic the real world without the use of a training simulator was
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considered beyond the scope of this research. The approach selected here allowed for a
very basic understanding of how operators visually use an EMS system display to
understand the status of the utilities power grid.
3.7.3

System Operators
Across each of the utilities studied, system operators were found to have been

using these displays for more than five years (in one case it was more than 10 years).
Therefore, the system operators participating in this researcher were very familiar with
these displays. This familiarity with the displays may have impacted the results in that
displays may have been rated as more usable that operators with less experience, and
resulted in higher levels of SA than otherwise would be observed. Also, there is often
very little that can be done to change the number of displays viewed, the organization of
data within those displays, etc., and operators have accepted these displays as the status
quo.
3.8

Discussion
The validation of the complexity metric equation involved the comparison of the

SUS and SAGAT scores of the displays with the different complexity scores. The
hypotheses offered the premise that a higher complexity score would have a lower
usability score and a lower situation awareness score. The overall results did not find any
statically significant correlation between SUS or SAGAT with the complexity metric
scores. Additional correlation analysis did not find any correlation with the SUS
questions or to the perception or comprehension scores from the SAGAT testing. It
appears that perhaps these methods (usability, situation awareness, and complexity),
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while perhaps related concepts, the techniques used here appear to be measuring different
constructs.
3.8.1

SUS and SAGAT
The SUS scores for the three utilities were negatively correlated to the complexity

scores. It was expected that as complexity increases, the usability would be reduced for
the users. In the case, that concept seemed correct.
The SAGAT scores were negatively correlated with the complexity metric
calculations, though this correlation was not statistically significant. As there is no prior
research relating to SAGAT testing in the power industry, it is difficult to know if these
results are unique to this study. For SAGAT scoring, this lack of correlation can be
compounded by several factors including experience of the system operators and the test
method itself. The use of a dynamic simulator could alleviate the compounding factor of
using a static test. The use of a dynamic simulator could also be used as a method of
ranking the ability of each system operator to recognize how the effect of experience may
be a part of the compounding factor.
3.8.2

Conclusion
Usability appears to have a different relationship with the complexity components

defined in this study than the complexity metric. The processing of the information and
data, which should be considered in the determination of complexity, does not have a
known correlation to usability. For the system operators, the concept of usability may be
linked to the ability to utilize a display for many different purposes. Thus, a lower
complex display would have fewer capabilities and lower usability than a higher complex
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display. The complexity metric increases based on the number of tasks performed on one
display and the usability may increase as well.
If situation awareness has a relationship to complexity, it involves other
components that have not been defined by this study or better definition of testing for
situation awareness. For this study, a relationship of SAGAT to the complexity metric
was not determined. The relationship may include factors that are based on the users’
comprehension of the tasks, the users’ experience and the ability to perform dynamic
simulations.
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CHAPTER IV
DISPLAY REDESIGN USING COMPLEXITY METRICS

4.1

Abstract
A developed electric utility control room display complexity metric and usability

and situational awareness (SA) testing results suggest that complexity may not be linked
to usability or SA in this context. However, displays within the electricity control rooms
are complex in nature and therefore recommendations that reduce display complexity
without adversely impacting usability or operator SA are needed. The objective of this
study was to quantify changes in complexity measures based on revisions of current
electric utility control room displays. Results from the previous two studies helped to
identify aspects of displays that contribute to higher complexity measures, and a revised
display using Microsoft Visio software was developed. Participants (current control
room operators) completed usability and SA testing of the revised displays and scores for
both the original and revised displays were compared. Even though the complexity
metric determined a lower complexity score, the results from the usability assessments
did not indicate any direct correlation to the new complexity scores. The SA assessment
did have a correlation to the complexity measure with the displays that were revised.
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4.2

Introduction
A display complexity metric for the power industry was developed based on two

major components: observer dependency and task dependency. From previous research,
tasks and observers are two of the main principles of complexity (Xing & Manning,
2005). Complexity has been found to result in operational errors, particularly in the air
traffic industry (Pfleiderer, Manning, & Goldmand, 2007).
Observer dependency is the component that reflects the amount of data presented
to a system operator on a display. The subcomponents of observer dependency include
quantity, variety and relationship (Xing and Manning, 2005). Quantity refers to the
amount of the data on the display, variety refers to the diversity of the information
presented and relationship refers to the relationship of the data presented to the system
operator and the overall process that the display infers.
Durso, Sethumandhaven and Crutchfield’s (2008) study of aggregate relevance of
data identified task dependency components of complexity. Task dependency includes
how the information displayed and the task(s) associated with the information attributes.
Task dependency subcomponents include the number of tasks associated with the display,
the frequency of task occurrence and the criticality of the task to the system operator.
With increased task dependency, situation awareness (SA) of the system operator can be
compromised due to the increased usage of resources. With reduced SA, the
opportunities for errors exist. Past errors in the electric industry; including the 2003
blackout in the northeast United States, the blackout in Florida in 2007 and the partial
blackout in California in 2010; have been attributed to lack of SA by system operators
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(NERC, 2004) (Order Approving Stipulation and Consent Agreement, 2009) (Soto,
2010).
The two previous studies described in this dissertation quantified current display
complexity scores and determined that usability and situation awareness assessments do
not fully correlate to complexity. This third study focused on the redesign of power
utility displays to reduce complexity, without affecting usability or SA using principles of
display design. After redesigning the displays, the complexity metric will be recalculated
and usability and situation awareness evaluation will be utilized a second time.
4.2.1

Question 1: How to reduce the complexity from the observer dependency
component?
There are a number of ways to reduce display complexity. One method is to

concentrate on the observer dependency components. Simply removing any unnecessary
items currently displayed will reduce the amount of information available to the system
operators, and in turn reduce the memory resources required to process the displayed
information. Memory resources, such as working memory, have limitations that prevent
the user from maintaining all the information. Specifically, visual working memory has
been limited to working memory retention (Luck & Vogel, 1997). While this sounds like
an easy and straightforward approach, control room displays are used by various other
users with different informational needs. Therefore, removal of any items will be
carefully considered.
Variety is based on the overall segmentation of the display with tables, data and
graphs. By using a single presentation method, variety can be reduced. However, variety
has to account for the preciseness of the data as needed by the system operators, and
103

other possible users. Tables, data and graphs each have characteristics that may or may
not apply in the appropriateness of use in the display design (Wickens, Lee, Liu, &
Gordon Becker, 2003) (Shah, 1997). These considerations will need to be considered, as
the design needs to reduce variety while not affecting the ability of the system operator to
utilize the information.
The relationship of the data is based on how the data groups are connected
together on a display. How displayed information is linked visually can reduce the
display complexity. More importantly, by reducing the number of relationships on the
display, the memory resource demands are reduced. One characteristic of display design
includes arranging items in a visual scheme (Tullis, 1983). One solution could be to
reorganize the displays into groups based on tasks. However, a total revamping of
displays would require retraining of operators. Additionally, operator SA could be
compromised if the operators cannot find critical data. Again, careful consideration of
what to revise is critical to reduce complexity without compromising operator
performance.
4.2.2

Question 2: How to reduce the complexity from the task dependency
component?
SA can be briefly described as the understanding or comprehension of a dynamic

environment (Durso, Rawson, & Girotto, 2007). This comprehension is based on the
relevance of the information to the user. As the information changes on the display, the
system operator may be aware of the changes but not apply the same weight to each piece
of information unless the information is signaling a memory resource of changes in the
current SA level. SA is dependent upon perception, understanding and prediction
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(Endsley, 1995a). The task dependency component is based on the number of tasks, the
frequency of occurrence and the criticality of each task associated with a display. By
optimizing the tasks, the system operator’s SA can be increased and more manageable for
the system operator.
Redesigning the displays to minimize the effect of the task component can
increase the ability of the system operator to concentrate on fewer tasks. In theories of
text comprehension, the processes operate at three levels: surface level, text base and
situation model (Durso, Rawson, & Girotto, 2007). With SA described as a
comprehension of dynamic events, the levels of comprehension can be formulated in a
similar manner. Durso, Rawson and Girotto (2007) found that the first level of
comprehension in dynamic events involves encoding objects and scenes designated at the
surface level. For the system operator, the displays need to be redesigned to reduce the
number of encoded objects and scenes (or the application of tasks on the display) to
increase the ability to recognize events. Failures to recognize an event or a cue can lead
to poor decisions and poor performance (Durso, Rawson, & Girotto, 2007).
The frequency and criticality of the task, in most cases, cannot change, as it is a
function of the job and the operation of the utility system. The number of tasks applied to
a display can be reduced in terms of reformatting displays to remove unnecessary tasks or
put tasks with lesser criticality and frequency together. By reducing the number of tasks
or moving less frequent and less critical tasks to other displays, the overall complexity of
the display should decrease.
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4.3

Display Design
Display design is a subject matter with considerable research. Display design has

included principles based on perception, mental models, the relation to human attention
and the relation to human memory (Wickens, Lee, Liu, & Gordon Becker, 2003). The
focus of display design is the design of the layout and the tasks associated with the
display. The perceptual and the mental model principles refer to the observer
dependency of the complexity metric. The human attention and human memory
principles of display design refers to the task dependency component of the complexity
metric. For this study, a new display design needs to be developed that will reduce the
overall complexity metric without reducing display usability or operator SA.
The redesign of the displays must be centered on the four prevailing principles of
display design (Wickens, Lee, Liu, & Gordon Becker, 2003):
1. Perceptual operations
2. Mental model
3. Human attention
4. Human memory
Perceptual principles include the principle of making displays legible; avoid absolute
judgment decisions, top down processing, redundancy and discriminable elements
(Wickens, Lee, Liu, & Gordon Becker, 2003). Any redesign should use dissimilar
designs for different events, use colors and shapes that are recognizable and a structure
that the system operator is familiar.
Mental model principles are based on the idea that the displays have pictorial
realism and a dynamic design appropriate to the part represented (Wickens, Lee, Liu, &
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Gordon Becker, 2003). With pictorial realism, the variables needs to represent what the
operator visually would recognize (Roscoe, 1968). In other words, electrical breakers in
drawings are typically shown as an open box (), thus, the display should still use the
open box as a representation for an electrical breaker. The dynamic variables should
change or move in a method recognizable to the system operators (Roscoe, 1968). Flows
on the electrical lines for displays with dynamic ability should show the flow going from
the source (the higher measurement) toward the sink (the lower measurement).
Electrical breakers in the open position are should be shown with a green color (a
standard in the electrical control room design) with the box having a space in the middle
to give an indication of openness (). By preserving these principles in the redesign,
complexity can be reduced with minimization of negative effect to the system operator to
recognize the symbols or variables in the display. These are concepts that have already
been adapted in utility system displays to provide better indication to the system
operators.
The principles of human attention include the concepts of minimizing access cost,
maintaining proximity/compatibility and using presentation of information across
memory resources (Wickens, Lee, Liu, & Gordon Becker, 2003). The concept to
minimizing access cost is to reduce the amount of information (or displays in this case)
that an operator has to search to find information. The more information presented or the
more displays available to an operator will increase the time required to find pertinent
information. Display redesigns should not result in additional displays, which may be
less complex, but add to access cost.
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The concept of maintaining proximity/compatibility can be defined keeping
relevant tasks in close proximity to keep access cost low and lead to good display design
(Wickens & Carswell, 1995). By maintaining these principles of human attention, the
displays can focus the system operator’s resources toward the events on the display. This
can be accomplished by taking the recognized critical components to display design and
using that information to enhance the display and reduce clutter.
Human memory principles include replacing memory with visual information,
aiding in prediction and consistency in the design of the different displays (Wickens, Lee,
Liu, & Gordon Becker, 2003). By increasing visual information to the system operator,
system operator’s memory utilization will be reduced. To increase visual information,
display design will have to include the determination of ineffective data and data that is
not considered a part of the critical tasks. Finding the data that can be removed or
reduced from a display can increase the ability of the system operator to see the critical
problems. Having data appear invisible when the data is in a normal range and only
appear on a display when outside the normal limits is one method to reduce data without
removing the data.
A possible counter effect is that more information will add clutter to the display.
Key important facts should be maintained on the display to help in the reduction of
memory resource usage. Predictive displays will help the system operator become more
proactive rather than reactive to situations (Wickens, Lee, Liu, & Gordon Becker, 2003).
Designing graphs and other displays to help the system operator recognize patterns will
make the system operator more aware of the situation. Consistency is a key as the
operator views one display to another. Not only should symbols be similar, the design
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layouts should be similar to help the system operator recognize the information presented
on the display. An example would be keeping displays of substations similar for the
different design layouts. For substations designed in a “ring bus” scheme, the displays
should look similar to other “ring bus” designs. By utilizing these memory principles, the
redesign of the displays can maintain or lower the memory resources utilized while
reducing the complexity factors.
4.4

Objective
The objective of this study will be to quantify complexity reductions for

redesigned electric utility control room displays. A new set of displays will be structured
such that the critical functions and tasks associated with the display remain, but will be
presented in such a way as to reduce complexity while maintaining high usability and
operator SA.
4.5

Hypothesis
The revised displays have a lower complexity score, higher usability score and

improved SA performance than previous displays.
4.6
4.6.1

Methodology
Study
The study will utilize a subset of displays from the previous studies (selection

described below). Protocols from studies 1 and 2 will be replicated here.
4.6.2

Participants
Three utilities have agreed to participate in a study involving their EMS displays

and system operators. Participants will include system operators and
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supervisor/managers who work in control room for electric utility grid operation. The
number of participants will vary between each utility as the number of staff employed in
control room operation varies among the utilities. The total number of participants
included 15 participants from three utilities.
4.6.3

Data Collection
Two displays per utility will be evaluated in this study. Based on the results from

Chapter II, displays will be ranked based on complexity score from lowest to highest.
Those displays with the highest and lowest complexity scores will be redesigned in
Microsoft Visio software. Based on the complexity metric calculation, those aspects of
the display that contribute the most to increased complexity will be targeted. Similar
protocol for computing complexity scores from Chapter II will be used to calculate the
complexity score for the redesigned display. The goal is lower the complexity scores
utilizing the metrics and weighting factors from Chapter II.
The objective is for the resultant complexity score to drop after the display has
been redesigned. Once a score reduction has been met, the SUS and SAGAT
evaluations, as described in Chapter III, will be recreated with the redesigned displays.
Briefly, this involves re-interviewing the system operators with the new displays. These
evaluations will assess if the new displays provide all the information needed by the
system operator to operate the system.
4.6.4

Data Analysis
Appropriate descriptive statistics for the complexity score, SUS score, and

SAGAT scores were calculated. If the redesign is effective then we should be able to
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prove that the scores for complexity are reduced while the usability and situation
awareness scores increase. All statistical testing will be done using Microsoft Excel and
Minitab software and results will be considered significant at p-value ≤ 0.05. For this
study, non-normalized data (raw data) will be utilized for this analysis.
4.6.5
4.6.5.1

Results
Change in Complexity Scores
From the results in Section 2.5.4, each utility had a display with the highest

complexity score and a display had the lowest score. As stated earlier, for two utilities it
was the SYS and RES displays with the highest and lowest complexity scores. The other
utility had the VOLT and RES as the displays with the highest and lower complexity
scores. These displays were redesigned and Table 4.1 displays the complexity
component scores for the original and redesigned displays. For this study, the redesign
was successful in lowering the most complex display in the areas of criticality and
quantity. The RES display was revised but unsuccessful at lowering any of the different
component values for Utility A and only made slight modifications to the quantity
component for Utility B and C.
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Table 4.1

Component Scores with Display Redesign for Utility A, B & C

Utility
A

B

C

Display

Tasks

Criticality

Frequency

Quantity

Variety

Relationship

SYS Old
SYS New
RES Old
RES New
SYS Old
SYS New
RES Old
RES New
VOLT Old
VOLT New

244
244
19
19
252
203
13
13
72
9

63
12
4
4
49
26
1
1
21
9

732
732
47
47
756
756
33
33
216
27

529
515
36
36
542
517
28
23
167
21

42
42
11
11
43
37
1
1
24
3

4
4
11
11
7
7
4
4
129
75

RES Old
RES New

11
11

3
3

33
33

25
24

3
3

3
3

Table 4.2 details the percentage change for each complexity component when
comparing the revised display to the original. The table indicates that Utility A’s SYS
display had a 137% reduction in Criticality. Utility B’s SYS display has a reduction in
Tasks, Criticality, Quantity and Variety. Utility C’s VOLT display had a broader
reduction across all six components with four components having a 156% reduction. For
Utility A, the RES display had no changes since the revised display did not reduce any of
the components. Utility B and C had small reduction for the change in the Quantity
component.
Table 4.2

Percentage Difference of the Component Scores

Utility

Display

Tasks

Criticality

Frequency

Quantity

Variety

Relationship

A

SYS
RES

0%
0%

-137%
0%

0%
0%

-3%
0%

0%
0%

0%
0%

B

SYS
RES

-22%
0%

-62%
0%

0%
0%

-5%
-20%

-15%
0%

0%
0%

C

VOLT
RES

-156%

-78%

-156%

-155%

-156%

-53%

0%

0%

0%

-4%

0%

0%
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The aggregate display complexity scores were recalculated using the revised
component scores using the ComplexityAddition equation. The aggregate scores are shown
in Table 4.3. The percentage difference for these scores between each utility for the
revised and original complexity scores are illustrated in Figure 4.1.
Table 4.3
Utility
A

B

C

Aggregate Display Complexity Scores
Display
SYS Old
SYS New
RES Old
RES New
SYS Old
SYS New
RES Old
RES New
VOLT Old
VOLT New
RES Old
RES New

ComplexityAddition
269
258
21
21
275
258
13
12
105
24
13
13

For the displays with the highest complexity, all three utilities had a negative
percentage difference when comparing the revised display complexity score to the
original complexity score. The percentage difference between the revised RES display
and the original RES display was at or near 0% for two utilities.
Utility C had highest percentage differences for the reduction of the VOLT
display for the ComplexityAddition equation . Utility A and B had smaller values for
percent differences on the ComplexityAddition equation.

113

Figure 4.1

Percentage Change in Complexity Score by Display

SUS and SAGAT tests were performed on the SYS, VOLT and RES displays for
the respective utilities to reevaluate the effect on SUS and SAGAT. It was expected that
the SUS and SAGAT scores would improve with the lower complexity scores. The
changes in the SUS and SAGAT scores for the revised displays are shown in Table 4.5.
Table 4.4
Utility
A

B

C

(1.0 = Best)

SUS and SAGAT Scores for Utility A, B & C
Display
SYS Old
SYS New
RES Old
RES New
SYS Old
SYS New
RES Old
RES New
VOLT Old
VOLT New
RES Old
RES New

SUS
0.70
0.84
0.61
0.78
0.71
0.45
0.82
0.83
0.84
0.81
0.94
0.60

SAGAT
0.43
0.65
0.64
0.59
0.44
0.44
1.00
1.00
0.66
0.66
0.50
0.70
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For the most complex displays, SYS and VOLT, the usability increased for Utility
A but decreased slightly for Utility C. Utility B had a reduction in usability for the SYS
display. For the least complex displays, the RES display, the usability did increase for
Utilities A and B but decreased for Utility C. For the SAGAT, SA increased for Utility A
but remained the same for Utility B and C. For the RES display, Utility A had a slight
decrease in SA while Utility C had an increase and Utility B had no change. Table 4.6
indicates the p-value for a paired t-test performed on the change in the SUS and SAGAT
scores for the original and revised displays. The p-value indicates that there was not a
significant change in the mean of the SUS and SAGAT scores when comparing the
original and revised displays.
Table 4.5
Utility
A
B
C

P-Values for Paired t-test for SUS and SAGAT Scores
Display
SYS
RES
SYS
RES
VOLT
RES

P-Value
0.139
0.663
0.500
0.500
0.500
0.840

Correlations between the complexity metrics and SUS and SAGAT scores are
shown in Table 4.7. There was no significant correlations between the complexity scores
for the redesigned and SUS. However, for SAGAT scores, the complexity score was
significant and negatively correlated. Further, this correlation was moderately strong
(-0.61).
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Table 4.6

Correlation Data for Display Redesign for SUS, SAGAT and Complexity
Scores
SUS

SUS

SAGAT

ComplexityAddition

1.00

0.34
1.00
0.28
-0.33
-0.61
ComplexityAddition
0.29
0.04
Bold values indicate significant correlations
Correlation scores on top
P-Values on bottom
SAGAT

1.00

Statistical analysis was performed on the SUS scores to depict how the standard
deviation and the maximum/minimum scores change with the redesigned displays. Table
4.7 details the differences between the SUS scores for the original displays and the
revised displays. For Utility A, the SYS display’s standard deviation was reduced and
the range of scores (maximum- minimum) decreased. For Utility B, not only did the
revised SYS display score decrease, the standard deviation and the overall range of the
scores increased. For Utility C, the revised RES display score decreased as did the
standard deviation and the range of scores.
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Table 4.7
Utility
A

B

C

SUS Score Statistics for the Original and Revised Displays
Display
SYS Old
SYS New
RES Old
RES New
SYS Old
SYS New
RES Old
RES New
VOLT Old
VOLT New
RES Old
RES New

SUS ScoreStandard Deviation
0.70
0.84
0.61
0.78
0.71
0.45
0.82
0.83
0.84
0.81
0.94
0.60

0.12
0.07
0.27
0.26
0.06
0.21
0.10
0.14
0.19
0.16
0.09
0.18

Maximum
Score
0.85
0.95
1.00
1.00
0.75
0.71
0.98
0.93
1.00
1.00
1.00
0.95

Minimum
Score
0.52
0.75
0.30
0.30
0.60
0.25
0.73
0.73
0.55
0.50
0.78
0.33

Statistical analysis was also performed on the SAGAT scores to depict how the
standard deviation and the maximum/minimum scores change with the redesigned
displays. Table 4.8 details the differences between the SAGAT scores for the original
displays and the revised displays. For Utility A, the SYS display’s score increased but
the standard deviation and the range of the scores remained nearly the same. For Utility
B, the SYS display score remained the same but the standard deviation and the overall
range of the scores increased. For Utility C, the revised RES display score increased as
well as did the standard deviation and the range of scores.
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Table 4.8

SAGAT Score Statistics for the Original and Revised Displays

Utility

Display
SYS Old
SYS New
RES Old
RES New
SYS Old
SYS New
RES Old
RES New
VOLT Old
VOLT New
RES Old
RES New

A

B

C

4.7
4.7.1

SAGATScoreStandard Deviation
0.43
0.65
0.64
0.59
0.44
0.44
1.00
1.00
0.66
0.66
0.50
0.70

0.18
0.15
0.56
0.23
0.16
0.24
0.00
0.00
0.25
0.29
0.12
0.21

Maximum
Score
0.56
0.78
1.00
1.00
0.56
0.61
1.00
1.00
1.00
1.00
0.67
1.00

Minimum
Score
0.22
0.44
0.00
0.39
0.33
0.28
1.00
1.00
0.39
0.17
0.33
0.33

Limitations
Familiarity
Familiarity with the original displays is a limitation for this part of the study.

Familiarity has been shown to influence usability and may even influence situation
awareness (Kim, Takahashi, & Tanaka, 2013). The system operators have utilized these
displays for years and are familiar with the displays. New displays that may be well
received are new and unfamiliar. Since the system operators had only a few minutes to
familiarize themselves with the new displays, the ability to find the correct responses for
the SAGAT testing may be hindered. Thus, the SAGAT scoring can be affected by this
limitation.
4.7.2

New Displays
The presentation of new displays to the system operators can cause two different

biases to emerge. The first bias would be the reluctance to accept something new. The
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second bias would be the over emotional acceptance of something new because the old
display was so unsatisfying.
Many studies in the past have shown reluctance to accept new concepts or ideas.
Many approaches have been developed trying to find better methods of acceptance for
new ideas. The reasons for this bias may exist is that the user is comfortable with the old
display, the user is inexperienced in using the new display (non-tested) or the user does
see a need (justification) for a new display. For these reasons, there can be an inherent
bias that the new display is not as usable compared to the old display.
With the old display, the user may be overly frustrated with the function of the
display. This may lead into a bias of over acceptance of any new display. The frustration
level with the old display may cause the user to accept the new display with high emotion
or gratification. After time with the new display, the user may find that the new display
is not as functional as originally conceived. Thus, the usability for the new display may
be less than originally thought.
4.7.3

Revising Displays
For the least complex display, it was difficult to identify effective ways to reduce

complexity further. This is not necessarily a fault with the study. It is expected that there
is some floor to the complexity metric, meaning displays have a minimum level of
complexity thus cannot be reduced further. The RES display may be one of those
displays.
The display with the highest complexity scores for two utilities was the SYS
display. This display has a significant amount of data, symbols and functions tied to the
display. For one utility, redesign aspects were successful in reducing the Criticality
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component without changing the purpose of the display. For the other utility, changes in
the quantity of data (a large contributor to the high complexity score originally), were not
possible without changing the overall function of the display. The decision was made
prior to this research that any display redesigns could not result in a change in display
function. While this restriction may not apply in the real world, for the purposes of this
research changes in display design characteristics were limited to those that did not affect
function so that comparisons between the original and redesigned display could be made
on a one-to-one basis.
4.8

Discussion
The study focused on revising displays to lower the aggregate complexity score

and evaluated the changes on resulting SAGAT and SUS scores. The displays with the
highest and the lowest complexity score was revised and tested. The hypothesis was that
the improved displays would improve perceived usability (SUS scores) and improve SA
(SAGAT scores). The hypothesis was rejected because the SUS and SAGAT scores were
not always lowered and the results of the paired t-tests did not indicate a change in the
mean scores. Correlation was found between the complexity scores for the original and
revised displays with SAGAT but not for SUS. However, the statistics for the changes in
the SAGAT scores indicated that the standard deviation and the range of scores did
increase. Thus, the correlation with SAGAT may require further review and research.
4.8.1

Redesigns to Reduce the Complexity Metric
The complexity metric equation provided a means to determine what areas needed

to reduce to lower complexity. By considering both the individual component scores, as
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well as the weighting factors for each component, efforts for redesign can be prioritized.
Those components that have both the highest individual component values along with the
highest weights should be considered first. In this manner, changes to the display will
have larger impacts on aggregate complexity measures.
Utilizing the information from the complexity metric, a new design was
developed for the system overview displays for Utility A and Utility B that minimize the
displaying of information but maintained the functionality of the display. Symbols were
utilized to alert the operator to alarms for the substations. The redesign allowed the user
to see the overall connectivity of the system overview map and reduce unnecessary
information. The display was also redesigned to display the information when limits are
reached, with the limits determined by each utility. The display redesign did gain some
acceptance by one group of system operators as many of them voiced concern over the
original display having too much information. The usability scores for Utility A
increased while Utility B found the revised design not as usable as compared to the
original display. As stated earlier, Utility B’s SYS display had additional data that
limited redesign.
The SYS display shows all the transmission lines and substations along with the
telemetered readings for a utility on one screen. The number of stations can be from ten
to forty stations with more than 100 segments of transmission lines. Figure 4.2 shows a
partial view of a typical system overview display. This partial view is only about onequarter of the whole display.
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Figure 4.2

Snapshot of a System Overview Display

As a method to reduce complexity, a design was developed where the telemetered
information for the transmission lines was hidden from view. The concept was that the
display should only display information that is outside the normal operating patterns. For
most utilities, 95% to 105% is considered a normal operating range for most telemetered
readings. The concept offered to the utilities was to show values that were less than
97.5% or more than 102.5% of the normal operating range in one color (depends on the
background color of the display). If the value exceed the 95% or 105% tolerance it
would be displayed in another color with an added attribute of blinking to capture the
system operator’s attention. Data at the ties with other utilities were left visible in all
situations as that data is considered critical by NERC.
Substations would be redefined to help reduce the display of the information but
not the overall effectiveness of the display. The new design of the substation would
follow use of a square designation for a substation. Substations typically have alarms for
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the following parameters: Voltage, Amps, MWs, MVARs and Current Imbalance
(current in ≠ current out). If Voltage, Amps, MWs or MVARs are in alarm, a triangle
will appear on the substation display noting the alarm. Figure 4.3 demonstrates the alarm
flags for Voltages, Amps, MW and MVARs for a substation. For Current Imbalance the
alarm status is denoted by a line around the substation as shown in Figure 4.4.

VOLT
AMPS

3

MW

MVAR

Figure 4.3

Substation With an Alarm on Voltage, Amps, MWs and MVARs.

3
Figure 4.4

Substation With an Alarm on Current Imbalance

For this example, the yellow color of the alarm will signify if the alarm is between
2.5% - 5% above or below the normal operating range. A red color will denote that the
alarm is higher than 5% of the operating range.
By modifying the transmission line data and the substation alarms, the system
overview display can be reduced in terms of complexity. Figure 4.5, details the same
snapshot of a display as shown in Figure 4.2 with the new design implemented.
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Figure 4.5

Snapshot of a System Overview with New Design.

In Figure 4.5, a transmission line L20B is overloaded at 12.9 MW and substation
STN3 is shown to have components in the substation that are overloaded in MWs. The
system operator can use this system overview to access another display that details that
section of transmission L20B and substation STN3 in more detail to determine the correct
course of action by clicking on the substation icon.
Even though there was no definite proof that the complexity equation was
accurate in its determination, the data from the equation was used to help determine what
aspects of a display should be reduced to lower the complexity of the display.
4.8.2

SUS and SAGAT
The SUS scores did not have any statistically significant correlation to the

complexity metric.. The correlation was low with p-value higher than 0.05.
As stated earlier, the SAGAT scores did correlate with the complexity scores of
the original and revised displays. The change in complexity may have a relationship to
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the change in the SAGAT scores. The correlation with SAGAT may have indicated that
on an individual basis the changes in the display decreased complexity and may have
increased the SA for the individuals. For some displays, the scores did increase but the
standard deviation and the range of scores indicate more variability than in the scores
than the original displays. Further research on what changes to the display had the most
effect on the SA for the individuals may be warranted.
The SUS and SAGAT scores were not improved for all designs. In some cases,
SUS and SAGAT scores decreased for the revised displays instead of increasing. The
statistics demonstrated that in some cases the scores did improve but the standard
deviation and the range of scores did increase. The paired t-test for the SUS and SAGAT
scores indicates that the mean of the scores did not change significantly when comparing
the original and revised displays SUS and SAGAT scores. While this was expected for
the least complex displays, it was somewhat unexpected for the most complex displays.
However, the issues of familiarity, lack of realism, etc. associated with the displays and
SAGAT testing format may have resulted in this finding. Further, as mentioned
previously, the inability of the operators to use the displays for an extended time prior to
usability and SAGAT testing may also have influenced these results. Additionally, while
some participants completed both the initial SUS and SAGAT testing, some participants
were new to this phase of testing, again influencing the results.
4.8.3

Conclusion
Information on the different complexity equation components provided a method

to prioritize redesign efforts to reduce display complexity. Essentially, by focusing on
the components that affected the complexity score the most (having the highest
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component scores) the largest impact on complexity can be achieved. For this study, the
redesigns were effective at eliminating clutter while maintaining the integrity of the
display and positive comments were received from the system operators on the new
designs.
For Utility A, the change in the criticality score had a minor impact on the
complexity score for the complexity metric. The same holds true for Utility B. While the
changes includes changes in the task, criticality and variety, the complexity score change
only slightly for the complexity equation. For Utility C, changes were made in all six
components for the VOLT display and the changes for complexity scores were noticeable
for the complexity equation.
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CHAPTER V
CONCLUSION

5.1

Introduction
The overall goal of this research was to develop a complexity metric for

identifying complex displays within the power utility control rooms. The resultant metric
would assist utility management in the design/redesign of system displays to maximize
operator performance while minimizing display complexity. Research performed in the
air traffic control provided a foundation for this research. Items identified in previous
work as having an effect on complexity included the number of tasks, task criticality,
information update frequency, the quantity of data, the variety of presentation and the
relationship of the data on the display, though consideration of all of these components
for assessing display complexity simultaneously is missing in the literature.
Various methods for assigning weights to each components as well as approaches
for generating an aggregate complexity metric were considered. The results of this
research from Chapter II of this study indicate that ComplexityAddition may be the most
sensitive method of comparing displays as a group. The ComplexityAddition equation with
no weighting applied would be the best approach for utility to determine its highest
complexity displays. This equation would also be the best method to use to determine
which components have the most impact. Further research should be conducted to
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validate this method of computing complexity in this setting, and perhaps in other
settings as well.
5.2

Complexity Equation Interaction with SUS and SAGAT
Usability and situation awareness (SA) are measures of how a display performs in

meeting the objectives of a certain criteria. It was originally hypothesized that as
complexity increased on a display, these measures, usability and SA, would decrease for
an individual utilizing that display. A direct relationship of complexity to usability and
SA was not found when comparing the complexity scores to the usability or SA scores.
The reason behind usability not having a different relationship to complexity than
the complexity equation may be that users may find higher complex displays more usable
and efficient in completion of the tasks assigned. Other explanations may include the
higher complex displays are more useful and more satisfying with the presentation of
more data, even though the data creates more complexity.
Initially SA did not have a different relationship to complexity than the
complexity metric may have been caused by the method of testing or the experience level
of the respondent. SA did have a relationship to complexity when redesigning the
highest complexity display. This may indicate that changes in the complexity score for
the higher scoring displays may have a direct relationship to SA. The statistics on the
changes in SA with the changes in complexity scores indicate further analysis may be
necessary as the variance did increase for some scores.
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5.3

Complexity
This study identified six possible components of complexity based on research

performed in the areas of air traffic control. Creating an equation to determine
complexity for displays based on the known research of components to complexity
seemed possible. The components include the information from a task perspective and
the information from an observer perspective. This approach seemed viable as it
included the objective of the display as well as the viewer’s objective. Validating the
equation from a task and observer perspective proved to be difficult.
The interaction of each of the components have on the other components could be
a factor that was not considered in this study. Research has indicated that components
can act in a “complex way” to each other (Pfleiderer, Manning, & Goldmand, 2007).
Other research has indicated possible components that were not part of this study may
include chaos, noise, space and time (Drozdz, Kwapien, Speth, & Wojcik, 2002). Other
consideration for complexity is that it may exist in two forms: Static and Dynamic
(Casti, 1979).
The interaction of components to each other should be further analyzed. For this
study, the research involved three different utilities with different displays. Research
concentrating with one utility and one set of displays could provide more data on how the
components interact with each other.
5.4

Future Work
The studies indicate that the ComplexityAddition equation may be an equation that

can be used to determine which displays are most complex and provide an indication of
the effect of reducing the different components of the display. With that knowledge,
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further detailed research could be performed with this equation and better validation
testing.
Developing a more dynamic method for SA testing that includes variables such as
experience level, ability level and age of the responder can provide more detail. This
information can help determine how the SA changes for a responder based on those
variables. Using this information, may help determine if the system operator human
factors (experience, ability and age) are factors that should be incorporated into
developing a range of complexity for that display. Certain displays may be found to be
more complex for a novice user than an experienced user. If a relationship can be
determined between SA and complexity utilizing a more dynamic approach where
characteristics of the user are included, then this research may further prove Casti’s
(1979) research that complexity has a dynamic form.
The results from the studies in this paper indicate that usability may increase as
complexity increases. The indication is that the user may prefer higher complexity
displays to perform his tasks. At some point, a saturation level should exist where the
user finds the more complex display less usable. Identifying a saturation level where
usability is decreasing and complexity is increasing should be further researched. By
finding that level, this may further defined what levels of complexity could be considered
acceptable for the user. This research could also provide insight into Casti’s (1979)
approach of a static form to complexity.
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Mississippi State University
Informed Consent Form for Participation in Research
Title of Research Study: System Operator Survey
Study Site: McCain 300, Human Systems Laboratory
Researchers: Steve McElhaney, Mississippi State University

Purpose
The purpose of this research is to help determine the amount of complexity in displays.
Procedures
First, you will meet with me, receive a verbal and written copy of the study, and be asked
to sign the informed consent document as approved by the MSU IRB. You will be asked
to complete surveys and a series of interviews (questions relating to 10 common control
room displays.
I will show you computerized samples of 10 generic displays commonly used in control
room operations and you will be asked various questions about the display (location of
items, status of system variables, etc.). Your responses will be audio recorded to allow us
to measure your response time, response accuracy, etc. This portion of the test session
will last no longer than 10 minutes per display.
After the demonstration of a display, you will be asked to rate each display using the
System Usability Study (SUS) survey. This survey is a 10-item questionnaire that asks
you to rate your level of agreement (from strongly agree to strongly disagree) along
several dimensions.
Risks or Discomforts
There are not more than minimal risks associated with participation. You may
experience frustration when describing the functions of the display and the users. You
may skip any question that you wish without penalty. All evaluations will take place in a
private room and only aggregate data will be used in publications.
Benefits
There are no direct benefits to the participant other than participation in a research study.
However, the results of this study may result in the development of new and/or revised
displays for power grid control room operators that are less complex and aid in decision
making and situational awareness of the power grid status.
Incentive to participate
None
Alternatives
N/A
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Confidentiality
All displays utilized will be maintained in a lock cabinet and destroyed after the study is
completed. Any information on the displays used including names of equipment and
identifiers will be changed to maintain confidentiality for the utility. Informed consent
documents will be kept in a locked file drawer in Dr. Babski-Reeves’ office.
Please note that these records will be held by a state entity and therefore are subject to
disclosure if required by law. Research information may be shared with the MSU
Institutional Review Board (IRB) and the Office for Human Research Protections
(OHRP).
Questions
If you have any questions about this research project, please feel free to contact Steve
McElhaney at 769-223-3295 or Dr. Kari Babski-Reeves at 662-325-1677.
For questions regarding your rights as a research participant, or to express concerns or
complaints, please feel free to contact the MSU Regulatory Compliance Office by phone
at 662-325-3994, by e-mail at irb@research.msstate.edu, or on the web at
http://orc.msstate.edu/participant/.
Voluntary Participation
Please understand that your participation is voluntary. Your refusal to participate will
involve no penalty or loss of benefits to which you are otherwise entitled. You may
discontinue your participation at any time without penalty or loss of benefits.
Options for Participation
Please initial your choice for the options below:
___The researchers may contact me again to participate in future research activities.
___The researchers may NOT contact me again regarding future research.
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Please take all the time you need to read through this document and decide whether
you would like to participate in this research study.
If you agree to participate in this research study, please sign below. You will be given a
copy of this form for your records.
________________________________
Participant Signature

__________
Date

________________________________
Investigator Signature

__________
Date

Please take all the time you need to read through this document and decide whether
you would like to participate in this research study.
Please keep this form for your records.
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COMPLEXITY EQUATION CORRELATION TABLE
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SUS QUESTIONNAIRE CORRELATION TABLE WITH COMPLEXITY METRIC
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